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CHAPTER 1 
INTRODUCTION 
1.1 Overview 
 It was not until 1920 when Staudinger proposed the macromolecular hypothesis that 
scientists started to have a better understanding about polymers. The hypothesis states that 
polymers are molecules made of covalently bonded elementary units, called monomers. Before 
Staudingers’ macromolecular hypothesis, chemists were synthesizing macromolecules in the 
middle of the nineteenth century, but they did not believe that what they were creating very large 
molecules.1  Their standard point of view was that these materials were colloids-physically 
associated clusters of small molecules, with “mysterious non-covalent bonding” holding the 
clusters together.   Although its hypothesis was met with strong resistance at the beginning, it 
laid the background to further research in the era of polymers. In the subsequent years, Carothers 
had synthesized several polymers with well – defined structures and the “Polymer Age” was 
born. In the following 30 years (1930 – 1960) many scientists including Kuhn, Flory, Huggins, 
Guth, Stockmayer, Rouse, and Zimm laid much of the ground work for modern polymer theory. 
Between 1960 and 1980 Edwards, des Cloizeaux, de Genes, Doi and Edwards have further made 
progress in the field of polymer science.1  Furthermore, following these early times, organic 
based macromolecules have become omnipresent in our society. Polymers are found in the 
packing, transportation, communications, space, recreational, medical and construction industry. 
The need to produce polymers with better physical properties in order to expand their utility has 
gone in many directions. Manipulating the molecular architecture of polymers, cross-linking the 
molecules, blending different polymers together, and adding organic and non-organic based 
fillers to make composites are some of the ways mechanical, transport and thermal properties of 
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many of the early materials have been significantly improved.  
 A composite material is a combined material created from two or more components, 
selected filler or reinforcing agent and a compatible matrix, binder (i.e. resin) in order to obtain 
some specific characteristics and properties. The matrix is the continuous phase, and the 
reinforcement constitutes the dispersed phase. The combination of dissimilar materials can have 
unique and very advantageous properties if the materials have appropriate characteristics, and 
result in a material that is better in certain key properties than either of the materials alone. The 
reinforcements and the matrix are usually very distinct types of materials with widely different 
properties. The properties of the composite are generally controlled by the behavior and 
properties of the interface and the level of dispersion of the reinforced material.   
 Improving material properties by making composites is not a new idea. The first man 
made composites based upon polymers appeared in about 5000 B.C. in the Middle East where 
pitch was used as a binder for reeds in boat-building. 2 Later in 3000 B.C.  in ancient Egypt, the 
addition of straw in wet clay improved heat resistance and stress induced failure of clay bricks 
that were used as the man building material.3 During the 1950’s the demand for low weight high 
rigidity materials was a major driving force behind composite material research and fabrication. 
Corporations like U.S. Steel, AT&T, General Eclectic and IBM invested in vast laboratories, 
forming research centers built around solid-state physics. Copper-clad 316 stainless steel was 
one of the early metal composites. It was used for rockets and re-entry vehicle design. However, 
due to the re-entry speed requirements which generated a lot of heat the metal composites would 
vaporize like a meteor. Due to the need for a more heat resistant composite, ceramic/metal 
composites were developed. By the 1960s advanced composites were coming of age with the 
development of high-modulus whiskers and filaments. While whiskers were easily made, their 
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composites were of poor quality; but the 60 million modulus boron filaments reinforcing epoxy 
were very successful and were used in fighter aircraft. However, large modulus differences 
between the fiber and matrix material were accompanied by large thermal expansion coefficients 
and consequent residual thermal stresses. As research progressed, graphite fibers were 
successfully used in golf clubs, tennis rackets, and fishing rods. The success of graphite-epoxy 
for golf clubs, tennis rackets, and fishing rods encouraged the next wave of development—high-
modulus organic filaments. All of the chemical laboratories had processes and patents for high 
molecular weight/high modulus organic fibers, but it was DuPont that made the plunge due the 
development of Kevlar. The development of Kevlar, a high modulus organic filament paved the 
road to many other composites. 4 
1.2 Polymer/clay nanocomposites 
  Today engineers and scientists are still trying to develop new materials or enhance the 
properties of existing materials to extend their utility beyond the current limits. From the 
viewpoint of today’s industrial and economical activities, it can be easily assumed that the 
technology has opened new windows for opportunity which determines the standards of our 
lives. These requirements result in continuous efforts for new, high performance besides low cost 
materials to meet increasing demands. Polymers, due to their elastic and viscous like properties, 
have been the objects of intense study.  
 Polymer nanocomposites containing nanoscale particles continue to be an area of great 
interest both in industry and in academia due to significant improvements in mechanical, thermal 
and barrier properties that can be achieved over conventional macro- or micro-composites. 5, 6 
Nanoscale fillers with much different geometry have been used for preparing nanocomposites 
ranging from large aspect ratio layered thin nanosheets to long narrow nanofibers to tiny 
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nanoshperes. 7  Reducing the size scale of the filling material to the nano-level will allow the use 
of a much smaller weight fraction of reinforcement phase. The surface area available for 
interaction with polymer per mass is increased, which is a key factor in composite property 
enhancement.  Polymer layered silicate (PLS) nanocomposites are a new class of materials which 
consist of polymer matrices filled with low amounts (usually less than 5%) of layered silicates 
dispersed at nanoscale level. The essential raw material for a nano-clay (nano-sized layered 
silicate) is montmorillonite, a 2-to-1 layered smectite clay with a parallel platelet structure. 
Benefits from this clay technology result in part from the high-surface area of montmorillonite 
(approx 760 m2/g) and high-aspect ratio (about 100 - 1000). Polymer nanocomposites (PNC) 
based on highly anisotropic layered mica-type silicate fillers  have attracted great interest 
because they often exhibit remarkable improvement in materials properties when compared with 
virgin polymer or conventional micro and macro-composites without significant drawbacks to 
the resulting materials such as weight increase, opacity, brittleness and many others. 8 The 
improvements can include high moduli, increased strength and heat resistance, decreased 
permeability, decreases flammability and increase fire retardancy. 9-12 These improvements 
depend on many factors including the extent of platelet dispersion, tactoid/platelet orientation, 
clay network formation, and the strength of physical/chemical interactions between the polymer–
clay and polymer–clay modifier. Furthermore, there has been considerable interest in theory and 
simulations addressing the preparation and properties of these materials and they are also 
considered to be unique model systems to study the structure and dynamics of polymers in 
confined environments. 13-16 
 Well-defined polymer/layer-silicate (like Montmorillonite-MMT) composites were first 
reported by Blumstein in the 1960’s, who polymerized methyl methacrylate in the presence of 
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clay and found that the resulting polymer had unusual properties. At the time it was not known 
that these were nanocomposites and, indeed, the term did not yet exist.17, 18 Moreover, 
polymer/clay nanocomposites intercalation chemistry has been developed and known for a long 
time. 19  The field however was not widespread until it gained momentum in the 90s’ due to two 
major findings. First the Toyota research group prepared a polyamide-6 material by 
polymerization of caprolactam in the presence of montmorillonite clay. They found that very 
small amounts of layered silicate loadings (typically less than 5wt.%) resulted in substantial 
improvements of thermal and mechanical properties of Nylon 6. 20 Second, Vaia and co-workers 
showed that it was possible to melt-mix polymer and layered silicates without the use of organic 
solvents. 21 The above work was the genesis of the vivid research which now occurs throughout 
the world on polymer nanocomposites and it has sparked numerous publications, several 
reviews, and books on this subject. 
1.2.1 Structure and morphology of nano-clays 
 The layered - clay materials used to prepare nanocomposites, are popular due to the very 
large amount of potential interfacial surface area that could be available to interact with the host 
polymer (760 m2/g if totally delaminated). The crystallographic structure of natural 
montmorillonite, which is a very soft phyllosilicate (sheet silicate) mineral, is shown in Figure 1. 
The structure is based on that of pyrophyllite and it is idealized since in reality the lattice is 
distorted.22 It is the main constituent of the volcanic ash weathering product, bentonite. MMT a 
member of the smectic family is a 2-to-1 nano-clay, meaning that individual clay sheets consist 
of an alumina octahedral layer fused between two silicate tetrahedral layers and has the 
following general chemical formula (Na,Ca)x(Al,Mg)2(Si4O10)(OH)2-(nH2O). Natural 
montmorillonite undergoes an isomporphic substitution in the octahedral site where Al3+ is 
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replaced by Mg2+ or Fe2+ and in the tetrahedral lattice where is Si4+ replaced by  Al3+ leading to a 
permanent excess of negative charge. This negative charge is counterbalanced by the sorption of 
alkali cations such as Ca2+ and Na+ between the silicate layers.23 Staking of the individual clay 
layers leads to a regular van der Waals gap (interlayer, basal spacing or d-spacing) resulting in a 
layered structure (also called tactoid). The individual sheets are about 0.96 nm thin which is 
calculated from the (001) harmonics obtained from wide angle x-ray diffraction (WAXD) and 
have a diameter between 10 – 1000 nm. Due to the width to length ratio MMT has high-aspect 
ratio (about 100 to 1000) which along with the very high surface area are responsible for many 
enhancements in the properties of polymer/nano - clay nanocomposites.  
 A unique trait of smectic clays like MMT is the ability to sorb certain cations and 
retained them in an exchangeable state. The layered silicate is characterized by a certain cation 
exchange capacity (CEC) which is typically measured in milliequivalents per 100 g. This 
represents the maximum amount of cations that can be taken up by given clay. The nano - clays 
go through ion - exchange reactions where the Na+ and Ca2+ are replaced with primary, 
secondary, ternary and quaternary alkylammonium or alkylphosphonium salts (Figure 2). The 
small equilibrium spacing of natural clay (∼1 nm) as well as its inherent hydrophilicity makes 
most polymer penetration unfavorable and therefore limits polymer access to the large potential 
surface area. The purpose of exchanging alkali cations with alkylammonium cations is to 
overcome the above mentioned barriers in making polymer/clay nanocomposite. The 
alkylamonium cations make the original hydrophilic clay more organo - philic extending its 
utility to a wider range of polymers. Also, the alkyl groups of the ammonium salt help in 
expanding the d-spacing, which in turn helps in lowering the entropic penalty of polymer 
penetrating the inter-gallery spacing of the clay. 24                                           
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Figure 1. Crystal morphology of natural sodium montmorillonite. 25 
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Figure 2. Schematic of nano-clay ion-exchange reaction where the sodium ions are replaced by the ammonium ions 
rendering the clay more organophilic and increasing the inner - gallery spacing. 26 
 
1.2.2 Types of nanocomposites 
Polymer/nano - clay nanocomposites can result in a range of clay morphologies 
depending on the strength of interfacial interactions between the polymer matrix and layered 
silicate (modified or not) and the dispersion state of the nano - clay. They are divided into three 
general types that are thermodynamically achievable, namely conventional, intercalated, and 
delaminated or exfoliated (Figure 3).  An immiscible system shown in Figure 3A occurs when 
there is no polymer present in-between the clay and large tactoids structure remain unchanged.  
In these composites the miscibility between the polymer matrix and the filler does not support 
favorable interactions to overcome the thermodynamic considerations and the silicate layers do 
not separate at all. These systems are generally not considered to be nanocomposites, but regular 
composites. In intercalated nanocomposites, the insertion of a polymer matrix into the layered 
silicate structure occurs in a crystallographically regular fashion which results in clay basel 
spacing increase, regardless of the clay to polymer ratio. A few molecular layers of polymer are 
present in between the clay interlayer spacing in an intercalated nanocomposite (Figure 3B). 
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Exfoliated systems (Figure 3C), although less common, arise when the polymer penetration is so 
extensive that the clay platelets are too far apart to see each other (~ 6 - 8 nm). In this case the 
van der Waals interactions are too weak to impact the overall structure and the clay platelets 
remain separated.  The last two are more desirable nano-clay morphologies since they result in 
the highest improvements in nanocomposites properties with the later being the most desirable 
since the utilization of the nano-clay surface area is maximize. Generally, most nanocomposites 
fall somewhere in between the two categories with the final morphology containing an expended 
structure with several individual clay platelets present. However, if the layers can be fully 
exfoliated the property improvement can be maximized. 
                                    
 
Figure 3.  Nano - clay morphology in a polymer matrix. A. Immiscible (Microcomposite) B. Intercalated 
(Nanocomposite) and C. Exfoliated (Nanocomposite) 
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1.2.3 Polymer/clay nanocomposites preparation methods  
Polymer layered silicate nanocomposites have been studied in industrial, academic, and 
government laboratories for nearly 50 years. The role of processing becomes more important in 
nanocomposite production affecting the resulting structure. Enhancement in material properties 
are directly related to the extent of dispersion of the clay platelets in the polymer matrix and 
extent of interactions between clay and polymer.  Much of the present research in clay 
nanocomposites is focused on overcoming the difficulties in separating and evenly dispersing the 
clay layers in the polymer matrix through different processing methods while still maintaining 
the high aspect ratio of the clay layers. Separating the clay layers will allow for a higher surface 
area to be available for better polymer – clay interactions which in turn contribute to 
enhancements in polymer/clay nanocomposite properties. 
Although nano - clays have been successfully intercalated or exfoliated in many different 
industrially important polar polymers such as polyamides 27, 28 and epoxides 29, 30, dispersing clay 
in systems with non - polar polymers such as polystyrene, polypropylene and polyethylene has 
proven to be much more challenging. 31-35 The most common strategies for processing 
nanocomposites fall into one of three categories: in-situ polymerization, mechanical 
compounding/melt mixing and solution blending. 
In-situ polymerization was the first used to prepare polymer/clay nanocomposites by 
Kojima et al. in a polyamide 6/MMT system. 36 In this method the nano - clay is swollen in 
monomer and the reaction is initiated by increasing the temperature, by the addition of a curing 
agent or peroxide.   In-situ polymerization has been shown to give a wide range of dispersion 
levels with a variety of different property enhancements depending on the polymerization 
scheme used. The best property improvements were obtained from chain tethering to the surface 
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of the clay or to the modifier during the polymerization process and form a bridge connecting the 
confined polymer to the rest of the polymer matrix. For instance, Krishnamoorti and co-workers 
have recently used nitrox oxide mediated in-situ polymerization to prepare exfoliated 
polystyrene/clay nanocomposites resulting from polymer chain (6 – 9 wt%) tethering to the clay 
modifier which showed substantial improvements in properties over pure polymer. 35  Although 
exfoliation may be attainable, in-situ polymerization is complex, expensive, system specific, and 
can only be utilized at the time of polymer polymerization which limits its applicability in 
industrial applications. 37 
The melt intercalation process was first reported by Vaia and co-workers in 1993 when 
they prepared polystyrene/clay nanocomposites. 21 In this technique a molten thermoplastic is 
annealed along with an organo - clay at a temperature above the glass transition temperature of 
the polymer. In this method the polymer chains undergo center of mass transport in between the 
clay layers even though the unperturbed radius of gyration of the polymer us roughly an order of 
magnitude greater than the inter - gallery spacing of the clay.  The polymer losses its 
conformational entropy during the intercalation and the proposed driving force is the enthalpic 
contribution of the polymer/clay interactions during annealing. 38  Mechanical compounding is 
advantageous due to the short processing times, the absence of solvents, and the ease of 
incorporation into industrial applications, although it has been met with limited success when 
additives are not used. 32, 39, 40 Although this method can be successful in several systems, in 
most industrially important polymers, high temperatures must be used to promote chain diffusion 
into galleries in order to minimize processing time. However, these temperatures can also have a 
detrimental effect on clay spacing by degrading the organic modifier and causing platelet 
collapse. 41 The collapse leads to a negative effect on nanocomposite properties since the inter-
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gallery spacing is reduced and fewer polymer chains can penetrate it. This issue is most prevalent 
for high molecular weight polymers, which have the most demanding processing temperature 
requirements. Increasing sheer rate can help to introduce enough energy to assist in clay 
delamination, yet it also causes a decrease in platelet aspect ratio. 42 To overcome these 
dispersion limitations, researches have employed polar compatibilizers and co-polymers to 
increase the inter - gallery spacing and make the local environment more organophilic enabling 
dispersion upon application of shear.40, 43 Scaling theory has recently been used to show that 
functionalized polymers are necessary to obtain exfoliated systems from melt compounding.44 
Recently, Kawasumi et al. demonstrated the utility of polypropylene maleic anhydride as a polar 
compatibilizers to create well dispersed polypropylene nanocomposites.45 Functionalized 
polymers however are a relatively expensive solution to dispersion and need to be tailored to 
maximize polymer - compatibilizers and compatibilizers - clay interactions. Furthermore, 
compatibilizers generally have low molecular weight and this can have a negative effect on the 
nanocomposite properties.  
In the solution blending technique first the nano - clay is swollen in an organic solvent. 
The polymer which is also pre-dissolved in a solvent is added to the clay/solvent solution and 
intercalation of polymer between the clay layers occurs. The technique requires copious amount 
of organic solvents which later needs to removed, making this an environmental unfriendly 
method. Although it is simple in its approach, has generally proven to be relatively ineffective at 
producing good clay dispersion. 12, 31, 46 Wide spread exfoliation is not seen in these systems due 
to thermodynamic barriers present.  Clay intercalation increases polymer confinement, which is 
entropically unfavorable. To overcome such a barrier requires good interactions between the 
polymer and clay which may not occur due to competition between the polymer and solvent for 
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clay modifier interaction. 4, 15 However, Zhao et al. have demonstrated that sonication assisted 
solution blending may introduce enough energy to disperse the clay layers in a polystyrene 
matrix.47 
There is a high demand for alternative methods for producing well dispersed 
nanocomposites that can easily be applied to the industrial scale; however such methods are in 
short supply. In general, supercritical fluids, SCFs, are more environmentally friendly and offer 
mass transfer advantages over conventional organic solvents. They have “gas-like” diffusivity 
and surface tension, and liquid-like density and low viscosity.48-50 Supercritical CO2, (scCO2) has 
recently been gaining more popularity in research and industry as an environmentally friendly 
solvent and blowing agent in a wide range of applications including polymerization, polymer 
purification and fractionation, coating applications, and powder formation. 24, 51-53  Moreover, 
scCO2 has many desirable attributes such as low cost, abundance, low toxicity, and readily 
accessible supercritical conditions (critical temperature, Tc = 31.1oC, critical pressure, Pc = 7.38 
MPa,  critical density, ρc = 0.472 g/mL). When CO2 is raised above its critical point, its 
physicochemical properties can be continuously tuned between vapor-like and liquid-like limits 
by varying the system pressure and/or temperature. Moreover, it has been shown that a variety of 
polymers exhibit solubility in SCFs and that the extent of solubility depends on the molecular 
weight of the polymers and the processing conditions. 54 For example, silicones and fluorinated 
hydrocarbons exhibit miscibility at pressures well below alkanes of comparable chain length in 
CO2. 55, 56 In addition, scCO2 has been successfully used by Zhao et. al along with an extruder to 
produce an intercalated natural sodium montmorillonite/poly-ethylene oxide (PEO) 
nanocomposites. 57 Manke, Gulari, Kannan and Ford researchers have developed a novel process 
for dispersion of organically modified montmorillonite with or without the organic phase present 
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and utilizing scCO2 for the production of polymer/clay nanocomposites. 24, 58 In this method the 
nano - clay or clay/polymer system is contacted with CO2 and pressurized above its critical point 
and mixed to allow efficient diffusion of CO2 into the space between platelets. After certain 
processing time the system is depressurized nearly instantaneously to atmospheric pressure, 
causing the CO2 to escape from the nano - clay inner - gallery spacing. This method relies on the 
drastic volumetric expansion of scCO2 between aggregated particles upon depressurization that 
pushes the sheets/platelets apart, effectively disordering and/or dispersing them. When the CO2 is 
completely removed a good portion of the nano - clay platelets remain separated or in the case 
where polymer is present the organic material remains between the layers, coating the surfaces of 
the layers, thus preventing most of the reformation of the layered structure. The average particle 
size is also reduced after sudden depressurization, although the aspect ratio is still maintained 
unlike other methods where the aspect ratio may be reduced after processing. Although, a large 
number of tactoids are still found in particle form, the number of tactoids per particle and the 
tightness of packing are reduced following scCO2 processing. The individual tactoids are 
delaminated from each other and lose their parallel registry leaving large spaces for polymer to 
penetrate. Furthermore, the average tactoid size is reduced containing of only a few platelets.  
This expended flexible structure of the scCO2 process particle exposes a larger surface area and 
this should be easier to disperse into a polymer matrix than the “as received” particle. Recently, 
this method has demonstrated the ability to disperse commercially available nano - clays in a 
polydimethylsiloxane (PDMS) matrix, with the resultant nanocomposites exhibiting marked 
rheological improvement over the neat polymer. 59 Moreover, it was also shown that some clay 
(modifier dependent) can be dispersed and/or disordered without any polymer present by soaking 
in scCO2 followed by catastrophic depressurization. 59, 60 The unique ability of this novel 
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technique to disperse clay by itself is the only currently published method demonstrating this 
property. The pre-dispersed/disordered clay can then be co-extruded with the polymer of interest 
or it can be processed again with the polymer in the presence of scCO2 at the manufacturing 
facilities to improve the properties of the resulting products.   
However, there is a need for gaining a better understanding on what the morphology of 
the nano - clay is after scCO2 processing. Furthermore, a better understanding on  the effects that 
different factors such as processing conditions (temperature, pressure, depressurization rate, 
processing time, co-solvent), clay modifiers and different polymers, have on the resulting nano-
clay morphology and nanocomposite properties in order to optimize the supercritical carbon 
dioxide processing technique for the desired results. Researchers are using several methods for 
characterizing nano - clay and polymer/nano - clay nanocomposite including wide and small 
angle X-ray diffraction (WAXD and SAXD), scanning and transmission electron microscopy 
(SEM and TEM), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 
permeability and mechanical testing, rheology and many others. However, each of the above 
mentioned characterization techniques have their own advantages and limitations. Therefore, a 
combination of several techniques need to  be used in order to obtain a more complete picture on 
the effects of above mention factors on the nano - clay morphology and nanocomposite structure 
and properties. WAXD is one of the most widely used tools by researchers for structural 
characterization of nano –c lays in nanocomposites. However, the whole picture cannot be 
obtained if WAXD is used by itself since it has a few drawbacks. Although, it can give 
information about the intercalation state of the nanocomposite, it is not sensitive to an inter-
gallery spacing larger than 5 nm, therefore it is relatively insensitive to exfoliated platelets and to 
disordered platelets. Hence, X-ray diffraction cannot provide a whole picture of the nano - clay 
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morphology if used as a standalone tool. Electron microscopy is used as a technique to 
complement X-ray diffraction data in order to better visualize the spatial dispersion state of the 
nano - clay in the nanocomposites.  With the sub-nanometer resolution limit of the TEM, 
individual platelets and platelet stacks can be directly visualized and a better understating of the 
nano - clay morphology can be obtained when both TEM and X - ray diffraction are used 
together. However, TEM only gives information on the local level since only a small part of the 
sample is used. Rheology is a more sensitive tool to the degree of dispersion and it can also give 
information about polymer - clay interactions. Testing the nanocomposite permeability can also 
give an insight on the degree of clay dispersion since increase dispersion leads to a reduction in 
permeability.  TGA and tensile testing are also used to complement the other characterization 
tools to have a more complete picture about the nano - clay dispersion status in the 
nanocomposites. Therefore, to really gain a more complete understanding on how different 
processing methods and variables affect the nano - clay dispersion, polymer - clay interactions, 
processability, transport properties and reinforcement of a polymer matrix, a verity of 
characterization techniques are used. As a result, a better understating of the scCO2 processing 
technique can be achieved on different polymer - clay systems and a better ability of predicting 
the results on other systems can be acquired. 
In Chapter 2 the ability of the scCO2 process to dispersed and/or disorder nano - clay is 
investigated using “as received” Cloisite 10A from Southern Clay Products. The ability of scCO2 
to dispersed nano-clay was initially demonstrated by Horsch et al. (Cloisite 93A and partially 
Nanocor I.30P) 59, however no investigation was done on understanding what is the final 
structure of the nano - clay following scCO2 processing. Also, no analysis on how the processing 
parameters (processing time and multiple processing) affect the resulting nano - clay structure. In 
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this chapter the above mention processing parameters are explored and X-ray diffraction, 
scanning electron microscopy and volume change are used as characterization techniques to gain 
a better understating on what is going on during scCO2 processing and what is the nano - clay 
morphology after scCO2 processing. In addition, the pre-dispersed/disordered nano - clay is 
reprocessed using scCO2 technique in the presence of polystyrene in an attempt to maximize 
nano - clay dispersion and evaluate its effect on the final nanocomposite properties (see Chapter 
3). 
Although the scCO2 process has been proven to be effective on polymer melts, no 
research has been done on its applicability to polymer solutions. An important benefit of 
processing polymer in solution is that it allows for relatively low temperatures to be used in 
comparison to those required for melt blending. Lower processing temperature minimizes clay 
modifier degradation, maximizes the rate of CO2 density change, and improves CO2 - polymer 
miscibility. Additionally, the reduced temperature and viscosity in a polymer - solvent system 
can allow for longer processing times, giving the chains time to thoroughly penetrate the clay 
layers.  
The research in Chapter 3 focuses on the use of a co-solvent along with scCO2 to 
maximize nano - clay dispersion and produce dispersed low and high molecular weight PS/clay 
nanocomposites with enhanced properties (rheological, mass transport and thermal). The aim is 
to gain a better understating of the scCO2 processing method which should allow optimizing it 
for the desired dispersion and/or properties.  To achieve this goal, the role of scCO2 processing 
parameters in promoting polymer - clay interaction, in dispersing nano - clay, in enhancing 
polymer thermal degradation, in enhancing viscoelastic properties, and in reducing oxygen and 
water vapor permeability in polystyrene nanocomposites is investigated. Furthermore, in this 
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work, the effects of varying clay organic modifier on the resultant nano - clay dispersion and 
properties of polystyrene - clay nanocomposites dispersed with scCO2 method are investigated. 
The role of polymer - clay interactions on nano - clay dispersion and reinforcement has been the 
topic of many publications. 7, 47, 61, 62 In most of the common processing methods, the extent of 
dispersion is often strongly related to how favorably the particle interacts with the polymer 
matrix. This effect has been exhibited both experimentally and in simulation by researchers 
where it has been observed that the stronger the polymer - clay interactions are the higher the 
intercalation level is since there is sufficient enthalpic driving force to surpass the entopic 
penalty of polymer confinement. 5, 13, 63 Pandey and coworker 64 demonstrated through molecular 
simulation that if there is a repulsive polymer - clay interaction present in the nanocomposite, the 
clay layers prefer to disperse and if the polymer matrix is attractive, clay platelets intercalate. 
Ammala et al. showed in a poly(m-xylene adipamide)-montmorillonite based clays 
nanocomposites that the barrier properties strongly depend on the clay modifier used. The 
favorably interacting Cloisite 10A showed a considerable reduction in the oxygen transmission 
rates (66% reduction) while Cloisite 93A showed a small increase (4% increase). 47 In another 
study, Rohlmann at al. 65 showed that in a polypropylene/clay system prepared by melt mixing 
using a barbender plastograph, although Cloisite 15A and 93A nanocomposites showed similar 
dispersion, the nanocomposite made using 15A displayed superior rheological properties. 
Studying the scCO2 processing parameters effects on the nano - clay morphology, rheological, 
transport and thermal properties in scCO2 processed nanocomposites will help to better 
understand the parameters needed to produce nanocomposites with optimized properties. To 
accomplish this goals, low (5,000 g/mol) and high (280,000 g/mol) molecular weight 
polystyrene, styrene and “as received” Cloisite 10A, 93A, 15A and Nanocor I30P are used in this 
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study and processed using scCO2 and solution blending processing techniques. To gain a better 
understanding of how processing parameters affect nano - clay morphology and the resulting 
polymer properties a series of samples at different processing conditions are created and 
characterized using viscoelastic measurements, permeability testing, TEM, WAXD and TGA. 
The properties of the scCO2-processed nanocomposites will be compared with those made 
through other techniques used in the literature. 
In Chapter 4, the role of polymer - clay interactions and filler dispersion on the linear 
viscoelastic response of scCO2 processed polymer - clay nanocomposites in the melt state is 
investigated. In the previous chapter emphasis is put on the use of a co-solvent to aid in 
improving nano - clay dispersion in the case of low and high molecular weight PS and to aid in 
processing high molecular weight PS. In this chapter polyvinylmethylether (PVME) is chosen as 
the host matrix for natural montmorillonite and two organophilic nano -clays (Cloisite 30B and 
Nanocor I30.P).  Natural montmorillonite is chosen as a reference for the strength of the polymer 
- filler interactions because it has weak interactions with the host polymer.  PVME is highly 
swellable in scCO2 even at a molecular weight of 90,000 g/mol. Also, PVME is hydrophilic and 
may facilitate processing of even natural clay which cannot be done using PS.  Poly(ethylene 
oxide) (PEO) is also used as the host matrix for natural montmorillonite to compare the extent of 
PEO - filler interactions with that of PVME - filler interactions. The rheological response of 
scCO2 processed PEO/Cloisite Na+ is compared to that of scCO2 processed PVME/ Cloisite Na+ 
to understand the role of polymer – clay interactions in the two nanocomposites and demonstrate 
that in the case of PVME/Na+ system there are weak interactions present.  Furthermore, the 
organophilic clays used in this study may have varying degrees of interactions with the host 
matrix, in addition to having different a different degree of clay dispersion upon scCO2 
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processing. Specifically, Cloisite 30B (methyl tallow bis-2-hydroxyethyl ammonium salt) may 
form a hydrogen bond between the host matrix and the surfactant, and Nanomer I.30P (trimethyl 
hydrogenated tallow ammonium salt) has a moderate loading of alkyl groups, thereby altering 
the extent of the polymer - clay interactions in each system. The scCO2 processed 
nanocomposites are contrasted with a highly dispersed (disordered) PVME/Cloisite Na+ 
nanocomposite produced from a solution cast/freeze drying method, with water as a solvent. As a 
result of the selected processing conditions, the nanocomposites produced via the scCO2 method 
had intercalated or disordered intercalated morphologies. To understand the role of clay structure 
on the linear viscoelasticity of “weakly-interacting” polymer/clay nanocomposites the 
rheological response of the partially exfoliated PVME/Cloisite Na+ nanocomposite and the 
intercalated PVME/Cloisite Na+/nanocomposite are compared. Furthermore, to determine the 
impact of specific polymer - clay interactions have on the rheological properties the two 
intercalated organophilic clay - PVME nanocomposites are compared to the “weakly-interacting 
systems” (PVME/Cloisite Na+). 
1.3. Supercritical carbon dioxide (scCO2) process  
Three strategies are employed to produce polymer/clay nanocomposites using the scCO2 
processing technique. In the first approach the nano - clay is process under the appropriate 
conditions by itself without the presence of a polymer matrix. The resulting nano - clay can be 
melt-mixed, compounded with an appropriate polymer to create a nanocomposite. Alternatively, 
it can also be reprocessed in scCO2 again in the presence of a polymer to make a nanocomposite 
with improved properties. To our knowledge, this is the only process currently published with 
the unique ability to disperse clay by itself.  The second method involves blending the as 
received nano - clay with a CO2-philic polymer and processing the resulting mixture in scCO2. A 
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third method, similar to the second one involves the use of a solvent along with the polymer and 
nano-clay to assist in processing. This method is employed when polymers with a high glass 
transition temperature (Tg) are used to increase polymer solubility. Also, due to the limited 
thermal stability of the clay modifiers, processing at high enough temperatures and for long 
enough times to make processing polymers with high Tg feasible would cause platelet gallery 
collapse. To address these issues, a concentrated solution of polymer in solvent is used in place 
of pure polymer to allow processing temperatures to be lowered. Furthermore, to optimize the 
clay disorder upon depressurization, it is preferential to have the most dramatic CO2 density 
change possible.  The density change decreases the farther from the critical temperature the 
material is processed at. 
The scCO2 processing method is displayed in Figure 5. It involves contacting the nano - 
clays, the polymer/clay mixtures and the polymer/solvent/clay mixtures with bone dry scCO2. 
The layered nano - clays or the polymer/clay mixtures are loaded and they are contacted with 
CO2 in a high pressure vessel (Figure 5A). The system is then raised to the desired temperature 
and pressure, above the critical point of CO2 (Tc = 31.1oC, P c= 7.38 MPa). Following a desired 
processing time where the mixture is allowed to soak in scCO2 (Figure 5B) the system is rapidly 
depressurized to atmospheric pressure (Figure 5C). In the case where a solvent is used the 
process is very similar. The only difference is that the polymer and solvent are loaded in the 
reactor and hand mixed until the mixture is homogeneous, after which the nano - clay is added to 
the mixture and again is hand mixed to make sure the there are no clay chunks in the system. 
From here on the process is the same to the above steps A, B and C. The polymer viscosity can 
be reduced significantly depending on the polymer solubility in scCO2 due to the solvation effect 
which helps in polymer processing. Furthermore, by carefully choosing the pressure and 
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temperature of the system, the density and solubility parameter of scCO2 can be adjusted 
effectively allowing great control over these solvation and expansion effects. 
The proposed hypothesis for the mechanism is that during the soaking step in the case 
where polymer or polymer/solvent is present, the high diffusivity and low viscosity of the CO2-
philic polymer in the mixture enable clay layer penetration. In the case where only CO2 and clay 
are present the CO2 diffuses into the CO2-philic clay gallery. During depressurization, the 
outward force due to expansion of the scCO2 between the layers pushes them apart resulting in 
dispersed nanocomposites or dispersed nano - clays. When the CO2 is completely removed a 
good portion of the nano - clay platelets remain separated or in the case where polymer is present 
the organic material remains between the layers, coating the surfaces of the layers, thus 
preventing most of the reformation of the layered structure. If a solvent is used it is initially 
removed under high vacuum and room temperatures and then elevated temperatures and low 
vacuum to make sure that no residual solvent is left in the nanocomposite.  
The processing vessel used is a 256 mL stainless steel THAR reactor with sapphire 
windows and is capable of handling pressures up to 69 MPa at 150oC without and 41 MPa with 
the magnetic agitator installed (Figure 4). The reactor is outfitted with a series of valves, which 
control the depressurization rate. The CO2 is charged into the vessel via a 266 mL Teledyne Isco 
syringe pump capable of a pressure of 52 MPa and flow rates ranging from 0.001 – 107 mL/min.  
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Figure 4. scCO2 processing reactor, controller and high pressure pump. 
 
                          
Figure 5. Supercritical fluid processing. 
1.4 Significance of research 
    Existing techniques for achieving significant nano - clay dispersion with or without the 
presence of a polymer matrix are limited. Supercritical CO2 processing has the potential to create 
nanocomposites that display significant dispersion in a wide range of polymer matrices. 
Supercritical CO2 offers several advantages: it can generate better exfoliated/dispersed systems 
(leading to enhanced properties), it eliminates the need for expensive specially modified clay, 
and it eliminates the use of hazardous and expensive organic solvents although it can still be used 
A B C 
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in the presence of a co-solvent if needed. Furthermore, it has the potential for easily 
implementation into existing industrial process unlike solution casting and in-situ 
polymerization. Moreover, with only a small amount of dispersed nano - clay (0.5 – 5 wt %) the 
mass transport, mechanical and thermal properties of polymer can be significantly improved 
using the scCO2 processing technique. The significance of this work covers both practical and 
fundamental aspects. There is a need for a better understanding on what is the final morphology 
of the nano - clay and for a method to benchmark the extent of dispersion following scCO2 
processing.  Further research in providing a better picture of the nano - clay structure after 
processing may enable a better understanding on the potential property improvement that it can 
provide when mixed with the desired polymers. Moreover, there is a need for understanding the 
effects of different processing parameters on the final morphological structure of nano - clay in 
nanocomposites produced utilizing scCO2 processing technique. Due to the wide range of 
morphologies that can result from the variety of specific and non specific interactions possible, 
understanding the role that processing variables and different materials play on the nano - clay 
structure and its effect on the resulting nanocomposite properties (viscoelastic, transport 
properties (O2 and water vapor permeability) and thermal properties) is critical for process 
development and optimization. Further research into the structure - properties relation in these 
nanocomposites and how to get the most out of the process will help to make the method more 
effective and scientifically viable.  Utilizing the results of the above mentioned studies it can be 
attempted to create a better picture of the physical process of nano - clay delamination 
(dispersion) following scCO2 process with or without the presence of an organic phase and how 
to maximize scCO2 nanocomposite properties processed produced using the scCO2 technique.  
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CHAPTER 2 
 Supercritical CO2 processing of Cloisite 10A  
 The ability of scCO2 to dispersed nano - clay was initially demonstrated by Horsch et 
al. (Cloisite 93A and partially Nanocor I.30P). 59 It was also shown that dispersion can be 
controlled by tuning the pressure and temperature.  The disappearance of the d001 peak in X-ray 
diffraction was correlated to nano - clay dispersion/exfoliation. 59 Furthermore, no investigation 
was performed on how multiple processings affect the resulting nano - clay structure. In this 
chapter the effect of repeated scCO2 processing is explored and X-ray diffraction, scanning 
electron microscopy and volume change are used as characterization techniques to gain a better 
understating on what is the nano - clay morphology subsequent to scCO2 processing. 
Furthermore, the percent volume change can also be used to determine whether or not there is 
any significant change between multiple scCO2 processings and may also be used as a 
benchmark to nano - clay dispersion. To aid in this explanation, the results from Chapter 3 will 
also be used where pre-dispersed nano - clay was reprocessed in scCO2 in the presence of styrene 
and polystyrene.  
2.1 Materials  
The nano - clay used in this investigation is Cloisite 10A. It is a dimetyl, benzyl 
hydrogenated tallow quaternary ammonium salt with an inter-gallery spacing of ~ 0.92 nm 
(Table 1). It was purchased from Southern Clay Products, Inc. 
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Table 1. Physical data of Cloisite 10A. HT = hydrogenated tallow (~ 65% C18; ~ 30% C16; ~ 5% C14. (Data 
provided by Southern Clay Inc.) 
Name Organic Modifier d001 Spacing (nm) CEC (meq/100g) 
 
Cloisite 10A 
 
 
1.92 125 
 
2.2 Methods of Characterization 
2.2.1 Wide angle X-ray diffraction (WAXD) 
A Rigaku Rotaflex Powder Diffractometer with a Cu Kα X-ray source (λ = 1.54 Å) and 
an accelerating voltage of 40 kV at a current of 120 mA was used to determine the inter-gallery 
spacing of the “as-received” and scCO2 processed clay. WAXD is widely used as a tool for 
characterizing the morphology of clay in nanocomposites.  Due to their highly ordered platelet 
structure, an X-ray diffraction peak that is characteristic of the spacing between clay platelets can 
be obtained.  Any increase or decrease in average platelet separation will result in a shift in 
diffraction angle, while loss of platelet parallel registry (i.e. disorder) can be detectable by 
reduction in peak intensity.   
To perform the required scans the samples were placed in a custom made, zero-
background quartz sample holder that is 0.9 mm in depth. Several scans were obtained from 
different locations in the sample and verified to be reproducible when diffraction patterns are 
superimposed on one another. The 2θ angle can determined using the JADE software that 
accompanies the diffractometer and the d001 spacing for the clays was calculated using Braggs’ 
Law of diffraction: 
                                        2    sin                                                          (1) 
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 where n is an integer determined by the order given, λ is the wavelength of X-rays, d is the 
spacing between the planes in the atomic lattice, θ is the angle between the incident ray and the 
scattering planes).  The inter-gallery spacing was then found by subtracting 0.96 nm (platelet 
thickness) from the d001 spacing.  A broadening and flattening of the peaks may indicate partial 
exfoliation and a disappearance of the basal spacing peak may indicate the layers are either 
exfoliated or disordered 37.  
2.2.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy was used to gain a better understanding into the 
morphology of nano - clay before and after scCO2 processing. This method is used in 
conjunction with X-ray diffraction to obtain a more complete picture on the nano - clay 
morphology both before and after scCO2 processing. Several images were collected using a 
Hitachi S-2400 scanning electron microscope with an electron potential of 25 kV. The samples 
were sputter coated with gold and several (15-20) images were collected for all samples to 
ensure accurate representation of the clay morphology.  
2.2.3 Thermogravimetric analysis (TGA) 
 Perkin Elmer Pyris 1 TGA was used to measure the thermal stability of the “as received” 
and scCO2 process nano - clay to verify whether or not following scCO2 processing any of the 
modifier is coming out with CO2 during processing and/or during depressurization. Temperature 
ramp measurements were conducted under inert atmosphere of N2 from 25 ºC to 650 ºC at 10 ºC 
min -1. Before starting the test, samples were equilibrated at 25 ºC for 10 minutes.  
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2.2.4 Volume/density change determination  
 Centrifuge tubes (10 ml) were used to measure the volume of nano - clay following 
scCO2 process to determine the extent of volume change that the clay undergoes after 
processing. The measurement was done by measuring the mass it takes to fill 5 cm3 of sample. 
The tubes were repeatedly taped and clay was added until no further change was seen upon 
tapping.  After the mass was obtained the density was calculated and the volume change was 
calculated by using 1 g of sample and the obtained density.  
2.3 Nano-clay preparation 
The scCO2 ability to dispersed “as received” Cloisite 10A without a polymer matrix 
present was investigated by processing it at 80oC and, 13.79 in the presence of supercritical 
carbon dioxide for 0.5, 1, 2, 4, 8 and 24 hours under constant stirring followed by instantaneous 
depressurization. Moreover, the nano – clay was processed three times consecutively to study the 
effect of multiple processings/depressurizations on the final clay morphology. The pre-dispersed 
Cloisite 10A can be used to investigate the role of clay dispersion on the resulting 
nanocomposite by reprocessing it in the presence of polymer (discussed in more detail in section 
Chapter 3).  
2.4 Nano-clay characterization  
2.4.1 Thermogravimetric analysis  
To verify whether or not following scCO2 processing any of the modifier is coming out 
with CO2 during processing or during depressurization thermogravimetric analysis on both “as 
received” and scCO2 processed nanocomposite was obtained (Figure 6). Both clays show similar 
thermal behavior across the temperature range tested with the scCO2 process 10A having less 
than 0.5% less residual mass at 650oC than unprocessed 10A which is within the analyzer error. 
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This suggests that the scCO2 technique does not remove the organic modifier present in-between 
the clay layers. Furthermore, the derivative TGA curves of  “as received” Cloisite 10A and 
scCO2 processed Cloisite 10A display no change in the maximum degradation rate (MRD) 
between the two providing further evidence that scCO2 processing and/or depressurization does 
not remove the organic modifier.            
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Figure 6. TGA analysis of “as received” Cloisite 10A and scCO2 processed “as received” 10A. The final weight 
present does not change significantly following scCO2 processing and/or during depressurization indicating that the 
scCO2 processing technique does not remove the nano - clay organic modifier. 
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Figure 7. Derivative TGA curves for “as received” Cloisite 10A and scCO2 processed Cloisite 10A. There is no 
change in the maximum degradation rate (MRD) between the two providing further evidence that scCO2 does not 
remove the organic modifier.   
  
2.4.2 Wide angle X-ray diffraction 
In order to determine if the ordered spacing of the clay platelets was disturbed upon 
processing, WAXD of both pure 10A and the scCO2 processed 10A was collected (Figure 8).  
The diffraction peak of “as received” Cloisite 10A can be observed at 2θ = 4.7o which 
corresponding to its’ equilibrium inner-gallery spacing of 0.92 nm.  The lack of a peak for the 
scCO2 processed clay was thought to indicate exfoliation. However, the scCO2 pre-processed 
clay was reprocessed in scCO2 in the presence of polystyrene/styrene and when the 
nanocomposite was analyzed there was a d001 peak in X-ray diffraction. This result was 
surprising at the beginning since the clay was exfoliated and there was no peak before 
reprocessing. It is believe that a lack of d001 peak rather indicates that wide spread disturbance of 
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the clay parallel registry has occurred and a range of morphologies from disordered intercalated 
to exfoliated could be present.  
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Figure 8. WAXD of as received Cloisite 10A and scCO2 processed 10A. The disappearance of the d001 peak 
following scCO2 processing is a good indication that the clay has been dispersed and/or disordered.  
 
2.4.3 Scanning electron microscopy 
To better visualize the effects scCO2 has had on the structure of the clay particles and 
tactoids, SEM was employed to directly image the clay particles before and after processing. A 
zoomed out SEM of several “as received” particles is shown in Figure 9. Images of a typical “as 
received” 10A particles are shown in Figure 10. From the conceptualized image of an “as 
received” Cloisite 10A particle (Figure 11) it can be seen that the particle is composed of several 
tactoids which in turn contained many staked platelets. The unprocessed clay is composed of 
particles ranging from 5-20 µm consisting of a large number of tightly bound tactoids with an 
average diameter of 1.1 µm (white circles displayed in Figure 10). The tactoids contain a number 
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of highly ordered stacked platelets held together by weak van der Waals forces. SEM images 
illustrate that tactoids are closely bound in particles and no individual platelets exist in the “as 
received” 10A. In contrast, the images of scCO2 processed 10A display a diverse morphology 
(Figure 12 and Figure 13). Although a large fraction of tactoids is still found in particle form, the 
number of tactoids per particle and the tightness of packing are reduced. The individual tactoids 
have delaminated from each other and lost their parallel registry, leaving large spaces into the 
center of the particles for polymer to penetrate. Measuring the size of tactoids across multiple 
images of each material (a few of which are indicated by white circles in the figures) it was 
found that although the average particle size has been reduced significantly (1 - 6 µm), the 
tactoid aspect ratio has been preserved. Upon depressurization, it is believed that a fraction of the 
outer most layers is completely delaminated from the tactoids during CO2 expansion while the 
much less mobile inner layers just lose the coherent parallel registry that is probed by X-ray 
diffraction. This system can be qualified as being disordered intercalated. The same clay 
morphology is depicted in a conceptualized image of a scCO2 processed particle (Figure 15). 
Utilizing the SEM images alone we cannot confirm the existence of dispersed single layers due 
to the difficulty in differentiating individual platelets from individual tactoids in SEM images.  
The expanded flexible structure of the scCO2 processed particles/tactoids exposes more of the 
available surface area and the platelets should be easier to disperse into a polymer matrix than 
the “as received” clay. The pre-dispersed clay could possibly produce good dispersion in 
extrusion compounding since the kinetic limitation of clay dispersion may no longer be an issue 
in the short times required for melt compounding. In Chapter 3, the pre-processed Cloisite 10A 
was added to polystyrene/styrene solution and reprocess the composite with scCO2 in an attempt 
to maximize dispersion. The pre-dispersed clay will be used to study the effect that pre-
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dispersing the clay has on the polystyrene/clay nanocomposites morphology compared to “as 
received” clay.   
 
 
Figure 9. SEM image of “as received” Cloisite 10A particles. 
 
 
 
34 
 
 
 
Figure 10. SEM images of an “as received” Cloisite 10A particle. 
 
 
 
 
Figure 11. Illustration of “as received” Cloisite 10A particle 
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Figure 12. SEM image of scCO2 Cloisite 10A particles processed 1 time for 24 hours. 
 
 
 
Figure 13. SEM image of a scCO2 processed Cloisite 10A particle processed 1 time for 24 hours. 
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Figure 14. SEM images of a scCO2 Cloisite 10A particle processed 1 time for 24 hours.  
 
 
 
 
Figure 15. Illustration of scCO2 processed Cloisite 10A particle 
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2.4.4 Volume change measurements  
To determine the effect of multiple scCO2 processings on Cloisite 10A structure the clay 
was processed three consecutive times using the scCO2 method. Since there was no discernable 
peak in X-ray diffraction and SEM doesn’t show any further change on the particle structure, 
another method is needed to study the effects of multiple processings on nano - clay morphology. 
Volume change after each processing was measured and it was determined that after one 
processing there is approximately 15% increase in volume, an approximately 5% further increase 
after the second processing and 5% more after the third processing for a total of approximately 
25 % increase in volume following 3 consecutive processings (Figure 16).  
After the first processing it appears that nano - clay particles are expended from their 
condense “egg shape” structure to more “open cabbage” structure due to the CO2 expansion 
during depressurization and that most of the particles have been reduced in size as seen from 
SEM. Further scCO2 processing results in a smaller change in volume and this may be because 
CO2 now has a pathway to escape from the clay inner-gallery during depressurization since the 
structure has been already expended. Although it might still cause additional expansion and 
delamination of more outer layers, it seems the biggest change occurs during the first processing. 
The result from the third processing where the additional volume change is about 5% provides 
further evidence of this reasoning. Furthermore, this result complements the conclusion obtained 
from X-ray and SEM study of the scCO2 processed 10A that upon depressurization, it appears 
that a fraction of the outermost layers are delaminated from the tactoids during CO2 expansion 
while the much less mobile inner layers just lose the coherent parallel registry.  To determine 
what effect the scCO2 processing time has on the final structure the percent volume change was 
also measured on Cloisite 10 samples that were processed for different amount of time (15 min, 
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0.5,1 ,2, 4,8 and 24 hours) (Figure 17). It appears that 15 minutes is enough time to cause a big 
change in volume of Cloisite 10A since the volume change after 15 minutes of scCO2 processing 
is similar to that after 2 or even 24 hours. In an industrial setting, the nano - clay can be 
processed repeatedly for a short time 15 minutes or 0.5 hours to maximize the structure 
expansion in a relatively short time. 
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Figure 16. Percent volume change of Cloisite 10A after multiple scCO2 processings. 
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Figure 17. Percent volume change of Cloisite 10A after scCO2 processing. 
 
2.5 Conclusions 
The supercritical carbon dioxide process was successfully used to disorder Cloisite 10A 
upon depressurization without the presence of an organic phase (polymer matrix). The lack of 
d001 peak in WAXD and disturbance of the tactoids from a tightly bound morphology to a much 
more loosely associated structure (SEM images) are evidence of nano - clay dispersion. Some 
fraction of the pre-dispersed clay regained its parallel registry after it was added to polystyrene-
styrene solution as evident by the re-appearance of a defined X-ray diffraction peak. Although, 
several consecutive scCO2 processings led to further dispersion and/or disordering of nano - clay 
the biggest effect was observed following the first processing when the particle size was reduced. 
Moreover, it is believed that a fraction of the outer most layers is completely delaminated from 
the tactoids during CO2 expansion while the much less mobile inner layers just lose the coherent 
40 
 
 
parallel registry. Processing the clay for a 2nd and 3rd time led only to a smaller volume 
expansion and no further reduction in particle size, indicating that the further increase in volume 
change may be due to an increase in the number of individual platelets present. It was also 
observed that processing the clay for 15 minutes led to similar results as processing for 4, 12 or 
even 24 hours. 
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CHAPTER 3 
Supercritical Carbon Dioxide - Processed Dispersed Polystyrene − Clay 
Nanocomposites: Investigation of Processing Parameters Effects on the 
Nanocomposites Morphology and Properties   
 
The research in Chapter 2 focused on understanding and optimizing nano - clay 
dispersion using the supercritical carbon dioxide process without the presence of an organic 
phase. In this chapter the aim is to maximize nano - clay dispersion in the presence of an organic 
phase (polystyrene) and produce dispersed low and high molecular weight PS/clay 
nanocomposites with enhanced properties (rheological, transport and thermal). The aim in 
Chapter 3 is to gain a better understanding of the scCO2 processing method which should allow 
optimizing it for the desired clay dispersion and/or nanocomposites properties.  To achieve this 
goal, the role of scCO2 processing parameters in promoting polymer - clay interaction, in 
dispersing nano - clay, in enhancing polymer thermal degradation, in enhancing viscoelastic 
properties, and in reducing oxygen and water vapor permeability in polystyrene nanocomposites 
is investigated. To accomplish this goals, low (5,000 g/mol) and high (280,000 g/mol) molecular 
weight polystyrene, styrene and “as received” Cloisite 10A, 93A, 15A and Nanocor I30P are 
used in this study and processed using scCO2 and solution blending processing techniques at 
various conditions. To gain a better understanding of how processing parameters affect nano-
clay morphology and the resulting polymer properties a series of samples at different weight 
fraction are created and characterized using viscoelastic and  permeability testing, TEM, WAXD 
and TGA. 
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3.1 Materials  
3.1.1 Nano-clays 
The nano - clays used in this investigation were Cloisite 10A, 93A, 15A and Nanocor 
1.30P. Cloisite 10A is a dimethyl, benzyl hydrogenated tallow quaternary ammonium salt with 
an inter-gallery spacing of ~ 0.92 nm (Table 2). Cloisite 93A is a methyl dihydrogenated tallow 
ternary ammonium. Cloisite 15A is a dimethyl dihydrogenated tallow quaternary ammonium. 
Nanocor I.30P is a trimethyl hydrogenated tallow quaternary ammonium salt. The Cloisite series 
was purchased from Southern Clay Products, Inc. and the I.30P was donated by Nanocor.  
3.1.2 Polymers, solvent and gas 
High and low molecular weight polystyrene (PS) were used in this study. Carbon dioxide 
in the form of compressed gas was supplied by Airgas Inc. The low molecular weight PS was 
obtained from Polysciences, Inc. and has a molecular weight of 5,000 g mol-1 and a glass 
transition temperature, Tg, of 70°C.  The high molecular weight PS was purchased from 
Scientific Polymer Products, Inc. and has a molecular weight of 280,000 g mol-1, a Tg of 104°C 
and a polydispersity of 4. The inhibited styrene and toluene used in this study was purchased 
from Sigma Aldrich. The physical properties of the polymers are listed in Table 3. 
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Table 2. Physical data of Cloisite 93A, 15A, 10A and Nanocor I.30P. HT = hydrogenated tallow (~ 65% C18; ~ 
30% C16; ~ 5% C14. (Data provided by Southern Clay Inc.) 
Name Organic Modifier d001 Spacing (nm) CEC (meq/100g) 
 
Cloisite 93A 
 
              2.36             90 
 
Cloisite 15A 
 
3.13 125 
 
Cloisite 10A 
 
 
1.92 125 
 
I.30P 
 
2.25 145 
 
Table 3. Polymer properties 
Polymer Mw (g/mol) ~ Tg (oC) ~ # of entanglements Rg (nm) 
PS 5,000 70 0 1.89 
PS 280,000 104 16 14 
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3.2 Methods of characterization 
3.2.1 Wide angle X-ray diffraction  
The intergallery spacing of the clays and clay/polymer nanocomposites was determined 
using a Rigaku SmartLab Diffractometer with a Cu Ka X-ray source (Kα = 1.54 Å) and an 
accelerating voltage of 40 kV at a current of 40 mA. Diffraction scans were collected from 0.1º 
to 10º 2-theta at a scan rate of 3.0 degrees/min and a step size of 0.3º. The Braggs’ Law of 
diffraction was used to calculate the d001 spacing for the nano-clays and their intergallery spacing 
was determined by subtracting the platelet thickness (1 nm) from the d001 spacing.  
3.2.2 Transmission electron microscopy (TEM) 
  Samples for ultramicrotomy were prepared by melt pressing nanocomposite granules in a 
mold at 180 ºC. A Reichert-Jung Ultracut E Microtome was used to cut nanocomposite thin films 
of about 80–100 nm. The films were collected on a 200 mesh copper grids and carbon coated 
before being examined with a JEOL Fast EM 2010 HR TEM operated at 200 kV. To assure an 
accurate representation of the nano - clay morphology in the polystyrene matrix numerous (15–
20) images were collected for all of the nanocomposites. 
3.2.3 Thermogravimetric analysis 
Perkin–Elmer Pyris 1 TGA was used to validate that no residual styrene remained in the 
nanocomposites after drying and to measure the residual mass of clay separated from the 
processed nanocomposites to verify if polystyrene chains are tethering to the clay surface or not 
during processing. Also, TGA was used to study the changes in thermal decomposition of 
polystyrene due to solution blended and supercritical carbon dioxide processing induced 
dispersion of nano - clay in the corresponding nanocomposites. Temperature ramp measurements 
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were conducted under inert atmosphere of N2 from 25 to 650 ºC at a rate of 10 ºC/min. For the 
clay-tethering study, samples of each nanocomposite were dissolved in excess toluene to make 
dilute solutions of clay and polymer in solvent. These samples were then centrifuged at high 
speed (15000 RPM) and the supernatant removed. The residual material at the bottom was 
resuspended in solvent and the procedure repeated three times in an attempt to wash any non-
bonded organic materials off of the clay. 
3.2.4 Permeability measurements  
 OX-TRAN model 2/10 was used to measure oxygen transmission rates and AQUATRAN 
model 1 was used to measure the water vapor transmission rates (both from MOCON). For the 
oxygen permeability testing ASTM F-2622 method was used where the oxygen and nitrogen 
flow rates were at 10 cm3/min and the relative humidity was kept at 25%. In the case of water 
vapor, 100% the relative humidity on the wet side and 15% relative humidity on the dry side 
were used for the duration of the test. Both machines were calibrated using films that were in 
compliance with the National Institute of Standard and Technology. Prior to performing 
permeability testing samples were prepared by melt pressing films at 180ºC between Kapton 
plates. The polystyrene film thickness varied from sample to sample from 0.1 mm to 0.4 mm. 
The transmission rates were multiplied by the film thicknesses to find the oxygen or water vapor 
permeability rates. At least 5 films for each sample were tested to assure statistical viability. 
3.2.5 Rheology 
The structure characterization of polymer/clay nanocomposites has been typically 
established using WAXD and TEM. However, another tool used to study nanocomposite is 
oscillatory shear rheology. It can be used to gain a better insight into the clay structure and 
nanocomposite morphology due to its sensitivity to the microscale/mesoscale structure of the 
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nano-clay in the host polymer matrix.  More specifically, highly intercalated systems would 
exhibit a cross frequency shift when compared to the pure matrix polymer. If the crossover 
frequencies are similar however, it indicates that a high degree of dispersion may exist or a 
conventional composite may exist. To differentiate between different nanocomposite 
morphologies, the enhancement of material properties (G’ and G”) may further elucidate the 
structural hierarchy. In highly dispersed systems, the dynamic moduli would show a much higher 
degree of improvement than would exist in a conventional or intercalated system due to the large 
available surface area in dispersed systems.  
In this study a Rheometric Scientific RSA II rheometer (shear sandwich geometry 15.98 
mm x 12.7 mm x 0.55 mm) was used to perform melt rheological measurements under 
oscillatory shear.   The dynamic oscillatory shear measurements were performed by applying a 
time dependent oscillatory strain, γ(t) = γosin (ωt), and measuring the resulting shear stress σ(t) = 
γoG’ sin (ωt) + γoG”cos (ωt). The dynamic moduli were then plotted on a log-log plot versus 
frequency. Many polymer systems obey the William-Landel-Ferry (WLF) equation for time 
temperature superposition. This relationship allows measurements done at different temperatures 
to be superposed on a single plot, thereby, expanding the range of information beyond the actual 
mechanical range employed. In addition, homo-polymers typically display terminal flow 
behavior (i.e. G’ ∝ ω2 and G” ∝ ω). Such rheological behavior may not be observed in 
nanocomposite systems where strong interactions between matrix polymer material and clay 
occur. Prior to performing viscoelastic measurements the 280kPS samples were prepared by melt 
pressing into a mold at 180ºC and 5k PS at 120ºC between Teflon plates. The materials were 
loaded and allowed to equilibrate for 1 h at the desired temperature. Measurements were 
collected between 140ºC - 240ºC in 20 ºC increments for all 280k PS samples and at 120ºC and 
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150ºC for 5k PS. Strain sweeps were performed to ensure that the dynamic moduli are 
independent of the strains utilized and the linear viscoelastic measurements were made at low 
strains (γo < 0.05) to prevent the alignment of the clay platelets and to minimize microstructure 
destruction. The frequency range used was 0.01 ≤ ω ≥ 100 rad s-1 and the property of time-
temperature superposition was used to create master curves with a reference temperature of 
140oC for 280k PS and 120ºC for 5k PS. 
3.3 Nanocomposites preparation 
Three 5k PS were made to compare the results from four processing techniques. One 
sample was prepared using the melt blending method under vacuum at 120ºC for 24 hours while 
it was periodically hand-mixed, (5kPS-10A-melt). Another sample was prepared using the scCO2 
method at 120ºC, 13.79 MPa for 24 hours under constant stirring (5kPS-10A-scCO2) and another 
sample was prepared using scCO2 method with a co-solvent (toluene), at 120ºC, 13.79 MPa for 
24 hours under constant stirring (5kPS-10Asol-scCO2). An additional sample (5kPS-10A-sol) 
was prepared using the solution blended technique at 120ºC for 24hrs under constant stirring as a 
benchmark to the solvent assisted scCO2 sample (Table 4). In the case of 280k polystyrene 
several samples were prepared using the scCO2 solvent assisted processing method and one 
where the “as received” 10A was co-extruded with PS (PS-5%10A-extruded) in a lab-scale 
Haake 3/4-inch extruder with metering pump, temperature-controlled film extrusion head and 
chilled casting roll. An approximately 30% polystyrene in styrene mixture was first loaded in the 
reactor and hand mixed until it is homogeneous.  Then Xg of clay (X is the mass of clay required 
for each desired final weight fraction based on polystyrene), was added to the polymer solution 
and hand-mixed until homogeneous. The mixture was then processed in scCO2 for a certain 
amount of time at a specific temperature (below 100ºC) and pressure under vigorous stirring. 
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Styrene was used to lower the viscosity of polystyrene, facilitating better mixing and allowing 
processing below the glass transition temperature of polystyrene. The low processing 
temperature minimizes clay modifier degradation, maximizes the rate of CO2 density change, 
and improves CO2- polystyrene miscibility. Additionally, the reduced temperature and viscosity 
can allow for longer processing times, giving the polymer chains more time to thoroughly 
penetrate the clay layers. To investigate the role of clay weight fractions three samples 2, 5 and 
10 wt% by clay (PS-2%10A-scCO2, PS-5%10A-scCO2 and PS-10%10A-scCO2) were made 
using “as received” Cloisite 10A in the presence of scCO2 at 80ºC, 13.79 MPa for 24 hours.  To 
compared the effect of the scCO2 process to solution blending method, three benchmark 
composites of 2, 5 and 10 wt% clay (PS-2%10A-sol, PS-5%10A-sol and PS-10%10A-sol)  were 
also prepared in the same vessel without the presence of scCO2 at 80ºC for 24 hours. These 
benchmark samples are also used so the role of thermal annealing and solution blending might 
play in the results can be eliminated (Tables 5 and 6). 
Two 5wt% 10A samples were prepared which were slowly depressurized at a rate of 
approximately 0.045 MPa/min for PS-5%10Asd-scCO2 and at 0.115 MPa/min for PS-
5%10A5md-scCO2 to investigate the role of scCO2 depressurization on the clay dispersion in the 
resulting nanocomposite (Table 6). Compared to the later two samples PS-5%10A-scCO2 was 
depressurized instantaneously at a rate of approximately 300 MPa/min allowing for the 
investigation of role that the rate of depressurization has on the morphology of the resulting 
nanocomposite. The scCO2 pre-processed clay was utilized to prepare two 5wt% 10A samples: 
one re-processed again in scCO2 (PS-5%10Ape-scCO2) and another in solution (PS-5%10Ape-
sol) to study the role of clay dispersion on the morphology of the resulting polymer/clay 
nanocomposite. “As received” Cloisite 93A (PS-5%93A-scCO2, PS-5%93A-sol), 15A (PS-
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5%15A-scCO2, PS-5%15A-sol) and Nanocor I30P (PS-5%I30P-scCO2, PS-5%I30P-sol) were 
used to study the effect of nano - clay morphology on the nanocomposite dispersion and 
properties following scCO2 and solution blending processing (Table 6). 
The effects of processing time (PS-5%10A-scCO2 for 24 hours, PS-5%10A.5-scCO2 for 
0.5 hours, PS-5%10A4-scCO2for 4 hours and PS-5%10A12-scCO2 for 12 hours) and pressure 
(PS-5%10A-scCO2 for 13.79MPa, PS-5%10Ay-scCO2 for 10.34 MPa and PS-5%10Az-scCO2 for 
27.58 MPa) were also investigated by preparing 5 wt% samples of Cloisite 10A/PS in scCO2 
(Table 7). 
A summary of the nanocomposite compositions, processing conditions and sample names 
is given in Table 5. After processing, the samples were dried at room temperature for 48 hours 
followed by 160ºC under vacuum for 6 hours. Literature has shown that exceeding temperatures 
of 105oC or more for long periods of time can cause the degradation of organic modifier bonded 
to the clay surface, causing gallery collapse comparable to that of montmorillonite. However, 
this effect is minimal if the temperature does not exceed 200ºC or the clay is not kept for long 
periods of time at a raised temperature. 15, 66  
 
Table 4.  5k Polystyrene/Cloisite 10A nanocomposites sample composition and nomenclature 
Sample Name Clay wt%  
Processing Variables (120ºC, 24 hours and for 
scCO2 13.79 MPa were used for all samples 
unless specified) 
5kPS 0%  none 
5kPS-10A-melt 5%  melt compounded  
5kPS-10A-sol 5%  solvent  
5kPS-10A- scCO2 5%  scCO2 + fast depressurized  
5kPS-10Asol- scCO2 5%  solvent + scCO2 + fast depressurized  
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Table 5. Polystyrene/Cloisite 93A, 15A, Nanocor I.30P nanocomposites sample composition and nomenclature 
Sample Name Clay wt%  Processing Variables (80ºC and 24 hours were 
used for all samples, 13.79 MPa for scCO2) 
PS-2%93A-scCO2 2%  solvent + scCO2 + fast depressurized 
PS-5%93A-sol 5%  solvent  
PS-5%93A-scCO2 5%  solvent + scCO2 + fast depressurized  
PS-10%93A-scCO2 10%  solvent + scCO2 + fast depressurized 
PS-5%15A-sol 5%  solvent  
PS-5%15A-scCO2 5%  solvent + scCO2 + fast depressurized 
PS-5%I30P-sol 5%  solvent 
PS-5%I30P-scCO2 5%  solvent + scCO2 + fast depressurized 
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Table 6. Polystyrene/Cloisite 10A nanocomposites sample compositions and nomenclature 
Sample Name Clay wt%  Processing Variables (80ºC and 24 hours were 
used for all samples, 13.79 MPa for scCO2) 
PS-5%10A-extruded 5%  melt compounded (200ºC, 15 minutes,90 rpm) 
PS-5%10A-sol 5%  solvent 
PS-5%10Ape-sol 5%  solvent + pre-processed clay 
PS-5%10Asd-scCO2 5%  
solvent + scCO2 + slow depressurized 
(~0.045MPa/min) 
PS-5%10Amd-scCO2 5%  
solvent + scCO2 + medium depressurized 
(~0.115MPa/min) 
PS-5%10A-scCO2 5%  
solvent + scCO2 + fast depressurized 
(~300MPa/min) 
PS-5%10Ape-scCO2 5%  
solvent + scCO2 + fast depressurized + pre-
processed clay 
PS-2%10A-sol 2%  solvent 
PS-2%10A-scCO2 2%  solvent + scCO2 + fast depressurized 
PS-10%10A-sol 10%  solvent  
PS-10%10A-scCO2 10%  solvent + scCO2 + fast depressurized 
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Table 7. Polystyrene/Cloisite 10A nanocomposites sample composition and nomenclature 
Sample Name Clay wt%  Processing Variables (80ºC, 24 hours and 13.79 MPa were used for all samples unless specified) 
PS-5%10A-scCO2 5%  
solvent + scCO2 + fast depressurized – 
polymer/solvent first 
PS-5%10Aa-scCO2 5%  
solvent + scCO2 + fast depressurized – clay/solvent 
first 
PS-5%10A.5-scCO2 5%  solvent + scCO2 + fast depressurized – 0.5 hours 
PS-5%10A4-scCO2 5%  solvent + scCO2 + fast depressurized – 4 hours 
PS-5%10A12-scCO2 5%  solvent + scCO2 + fast depressurized – 12 hours 
PS-5%10A-scCO2 5%  solvent + scCO2 + fast depressurized – 24 hours 
PS-5%10Ay-scCO2 5%  solvent + scCO2 + fast depressurized – 10.34 MPa 
PS-5%10A-scCO2 5%  solvent + scCO2 + fast depressurized – 13.79 MPa 
PS-5%10Az-scCO2 5%  solvent + scCO2 + fast depressurized – 27.58 MPa 
 
To determine if any clay degradation occurs during solvent removal while drying (6 hrs. 
@ 160oC under vacuum), TGA was performed on Cloisite 10A before and after drying (Figure 
18). Notably, after 6 hours of 160oC in a vacuum, the clay shows very little loss in the way of 
organic content.  WAXD was also performed on clay samples before and after annealing with no 
discernable shift in d001 spacing found (Figure 18). Similar results were obtained for all clays 
tested here. The “as received” and dried clays samples results from TGA and WAXD are 
summarized in Table 8. Based on TGA and WAXD data, the relatively short time that the 
samples spend at a moderate temperature to remove residual volatiles is not enough to cause any 
appreciable effect on the clay modifier.  
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Figure 18. TGA (left) and WAXD (right) of “as received” Cloisite 10A and 10A after drying in the vacuum oven at 
160ºC for 6 hours.  
 
Table 8. Summary of TGA and WAXD for “as received” and dried clay at 160ºC for 6 hrs. TGA data was taken as 
weight percent that remained as char at 650ºC.  
Clay TGA WAXD 
 Weight % d001(nm) 
 “as received”  Dried “as received” Dried 
Cloisite 10A 63.16 63.05 1.92 1.91 
Cloisite 93A 65.94 65.31 2.36 2.34 
Cloisite 15A 57.75 57.02 3.13 3.10 
Nanocor I.30P 68.38 67.54 2.25 2.24 
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3.4 Low molecular weight 5k PS/clay nanocomposites characterization (WAXD and 
rheology) 
3.4.1 Wide angle X-ray diffraction 
In this section low molecular weight 5k PS/10A nanocomposites were prepared using 
four different techniques to investigate the effect of PS processing methods on nano - clay 
dispersion and rheological properties. The aim is to maximize nano - clay dispersion and to 
compare the scCO2 processing technique to conventional melt processing and solution blended 
method. X-ray diffraction and rheology were used as characterization tools to study the 
morphology of the resulting nanocomposites by probing changes in the level of clay dispersion. 
We were able to disperse/intercalate Cloisite 10 A in low molecular weight PS no matter what 
method was employed. Interestingly, all samples regarding of the processing method, displayed 
the same final d001 of 4.12 nm. Compared to “as received” Cloisite 10A which had a d001 of 1.92 
nm, the inner-gallery spacing was increased by 2.20 nm (Figure 19). Moreover, the presence of 
the d002 peak along with a d001 peak indicates a highly ordered intercalated nanocomposite was 
present. The second peak was definitely a d002 diffraction peak since it occurs at twice the value 
of 2 theta of d001 peak.  This was surprising at first since a different level of dispersion was 
expected between the nanocomposites. However, Giannelis and Vaia have previously modeled 
intercalation behavior of clay in a polymer matrix and determined that there are several factors 
that contribute to the level of clay dispersion that is attainable in a system. The authors also 
performed corresponding experiments on several PS/clay hybrids to substantiate the simulation 
results. 13, 15 Their findings show that there is an entropic balance between the clay modifier that 
wants to have as much conformational freedom as possible, and the matrix polymer that does not 
want to be confined between the clay platelets.  The entropic gain associated with the organic 
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modifier from increasing the clay basal spacing only occurs until the modifier chains become 
fully extended (h∞), after which there is no gain or penalty to increased platelet spacing.  
However, there is still an entropic penalty to increased spacing that comes from polymer 
confinement until the clay spacing is greater than the average radius of gyration of the matrix 
material. In order for the platelet spacing to extend farther than h∞ would require strong polymer-
clay interactions to overcome the entropic barrier. The inter-gallery spacing at full chain 
extension (h∞) can be expressed in terms of the number of carbon atoms in the aliphatic 
backbone (n’) by:    
               h∞ = (n’ – 1)0.127 + A + B                                                        (2) 
where A and B represent the size of a methyl and an ammonium moiety respectively. 67  The 
fully extended C-18 chains of Cloisite 10A correlate to a calculated spacing of approximately 2.8 
nm which compares acceptably with the experimentally measured inter-gallery spacing of 3.32 
nm (4.32 nm – 1 nm platelet thickness) keeping in mind the low radius of gyration of 5k PS 
(1.89 nm) and the positive interactions between the phenol moiety on the clay modifier and PS. 
The 3.32 nm spacing is bigger than the radius of gyration of 5 k PS and this along with favorable 
interaction between clay surfactant and PS, the entropic barrier of clay separation can be 
overcame resulting in further gallery expansion compared to the estimated equilibrium spacing. 
This can be a possible explanation why all samples regarding of the processing technique 
displayed the same X-ray diffraction peak.  Furthermore, using X-ray diffraction does not probe 
individual platelets since a significant level of order in any remaining tactoids of even a well 
dispersed sample will result in a large X-ray peak.  It has been previously demonstrated that due 
to the complex morphologies possible in a clay nanocomposite X-ray diffraction should not be 
used as a standalone tool for determining dispersion.  
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Figure 19. X-ray diffractogram of “as received” Cloisite 10A and 5k PS/10A nanocomposite prepared using the 
melt blending technique. The nanocomposite shows a shift to higher d001 spacing (1.92 to 4.32 nm) due to polymer 
confinement into the inner gallery spacing of the nano-clay.  
 
3.4.2 Rheological measurements 
However, X-ray diffraction can be used along with other techniques such as rheology, to 
get a more complete picture into the nano - clay morphology of the nanocomposite. Clay 
dispersion along with strong polymer – clay interaction was displayed in rheology due to its 
extreme sensitivity to dispersion and interactions in filled polymer materials. Therefore, despite 
all samples showing similar intercalation peak, rheological measurements were telling a different 
story. The intercalated melt and solution blended nanocomposites showed a modest low 
frequency enhancement in modulus (less than one order of magnitude) with the evidence of the 
onset of a low frequency plateau (Figure 20).  This was due to good interaction between the 
polymer and clay due to the good compatibility between polymer and clay surfactant 68, and the 
57 
 
 
large amount of polymer confined between platelets. These two nanocomposites prepared using 
traditional processing methods were expected to be intercalated nanocomposites, because in 
these methods exfoliation does not occur due to entropic and enthalpic forces holding the 
platelets together. Therefore the only morphologies that should be present are intercalated or 
conversely collapsed tactoid structures unless compatibilizers, specifically modified clays or 
high shear forces, are used that can further increase the enthalpy gain or decrease the entropic 
penalty. However, the scCO2 melt processed nanocomposite displayed an order of magnitude 
higher low frequency plateau in storage modulus compared to melt and solution blended 
composites indicating solid-like behavior. Moreover, when a little co-solvent (toluene) was used, 
the rheological behavior was drastically different than the other samples. There was a further 
increase in storage modulus of more than an order of magnitude compared to the melt scCO2 
processed nanocomposite and an increase in storage moduli at al frequencies and more 3 orders 
of magnitude enhancement at low frequencies compared to neat PS. This result strongly 
suggested that the solvent assisted scCO2 method significantly improved clay dispersion leading 
to an increase in surface area available for polymer-clay interactions and an increase in the 
amount of polymer chains that have diffused in-between the clay platelets compared to the other 
three samples. Furthermore, in the solvent assisted scCO2 processed sample the improved 
dispersion caused the formation of a percolated network of clay platelets. It was previously 
demonstrated that the strengths of polymer - clay interactions play a bigger role in enhancing 
rheological properties when the percolation network has been fully formed. 69 Therefore, in the 
case of the solvent assisted scCO2 processed sample due to the strong interactions present 
between PS and 10A organic clay modifier, the creation of a percolated network led to superior 
rheological improvement.    
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The results from this study demonstrated the flexibility of the scCO2 processing 
technique where the PS/clay can be processed with or without a co-solvent present which 
resulted in nanocomposites with significantly improved viscoelastic properties due to improved 
nano - clay dispersion compared to traditionally processed composites. This was the first time 
where a co-solvent was used along with the scCO2 process in an attempt to maximize nano - clay 
dispersion leading to an increase in the surface area available for nano - clay interactions.  
Furthermore, the use of a co-solvent along with scCO2 led to superior clay dispersion which 
further led to enhanced rheological properties.  
When the results from 5K PS nanocomposites were compared with the results from high 
molecular weight 280K PS  (Chapter 3), the final X-ray diffraction spacing is depended on the 
polystyrene molecular weight. The nanocomposites prepared with 5k PS and 10A showed a final 
d001 spacing of 4.32 nm, while the ones prepared with 280k PS and 10A displayed a final spacing 
of 3.85 nm. It is believed that the reason behind this is the increased amount of PS chains that 
have penetrated the inner-gallery spacing of the clay in the 5k PS compared to 280k PS 
nanocomposites, leading to a further increase in the d001 spacing. The smaller radius of gyration 
of the 5k PS (1.89 nm) compared to 280k PS (14 nm) along with favorable interactions between 
the polystyrene and clay surfactant may have allowed for more PS chains to diffuse inside the 
clay gallery spacing casing the platelets to be pushed further apart then their equilibrium spacing. 
Moreover, the rheological response of the 5k PS/10A sample prepared using the solvent assisted 
scCO2 (5kPS-10Asol-scCO2) was compared with that from the nanocomposite prepared using 
280k PS/10A with the same processing technique (PS-5%10A-scCO2). The two nanocomposites 
displayed the same low frequency plateau in storage modulus at about 105 dyne/cm2. This 
interesting result further suggested that more 5k PS chains have coated the clay surface or have 
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interacted with the clay modifier than in the case of 280k PS probably due to their reduced size 
and higher mobility. The results from X-ray diffraction had already suggested that in 5k PS 
nanocomposite more chains were confined between the clay inner-gallery spacing due to their 
smaller size (smaller radius of gyration) and higher mobility compared to 280k PS chains. 
Therefore, it is believed that the similar rheological results between the two despite the 280k PS 
higher molecular weight can be explained by the higher amount of polymer chains that are closer 
to the clay surface or modifier and have reduced mobility compared with the bulk polymer 
chains in 5k PS nanocomposites.  
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Figure 20. Storage modulus of 5k PS and 5k PS/10A nanocomposites. 
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3.5 High molecular weight 280k PS/clay nanocomposites characterization (WAXD, TEM, 
rheology, permeability and TGA) 
3.5.1 Effect of organic clay modifier on nanocomposites morphology and properties 
In the previous section low molecular weight polystyrene was used in an attempt to 
maximize nano - clay dispersion and polystyrene properties. However, high molecular weight PS 
has more industrial applications. In the following section high molecular weight (280,000 g/mol) 
PS was used along with Cloisite 10A, 15A, 93A and Nanocor I.30P organically modified clays to 
to study the effects of nano - clay organic modifier on the clay structure in the nanocomposites 
and on the nanocomposites properties. A detailed explanation on the samples processing 
conditions and nomenclature was given in section 4.2 and Table 4. 
In Table 2 the structure of all the “as received” clay in this study can be seen. The 
presence of short hydrocarbon (C18 tallow) chains in the galleries after modification makes the 
clay much more organophilic than natural montmorillonite, which is naturally hydrophilic.  The 
clays used in this study were chosen due to their different organic modifier structures which 
allows for a thorough study of modifier effects on scCO2 on the final nano - clay morphology in 
the resulting nanocomposites.  Acidic and polar molecules can be better solvated in CO2 than 
nonpolar ones, therefore the acid 93A modifier and slightly non-polar 10A modifier should 
theoretically be more compatible with scCO2 while the low polarity of 15A and I.30P modifiers 
should make them less susceptible.70 It is anticipated that investigating composites of these 
different clays will allow some insight into interaction effects and their contribution to overall 
reinforcement and dispersion in scCO2 processed nanocomposites. The clays were used “as 
received” and underwent no additional processing, chemical modification, or purification prior to 
nanocomposite formation.  
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Effect of extrusion on polystyrene/clay nanocomposites – wide angle x-ray diffraction and 
rheology 
In order to process high molecular weight PS a higher temperature than 5 K PS is 
required to improve polymer mobility and facilitate proper mixing during processing. To 
accomplish this 280k PS was processed along with “as received” Cloisite 10A in a lab-scale 
Haake 3/4-inch at 200ºC for 20 minutes. There was a shift to higher 2Θ values of the d001 peak 
indicating that a collapse of the clay inner-gallery spacing has occurred due to organic modifier 
degradation (Figure 21). This sample showed only a small improvement in storage modulus 
compared to pure PS (Figure 22). The same phenomenon was observed by Tanoue and co-
workers when they processed different molecular weights of PS and 10A clay in a co-extruder at 
200ºC. 32, 41 They observed no improvement in rheological properties due to clay modifier 
degradation that caused the clay platelets to collapse. Processing high molecular weight PS has 
proven to be a more challenging task than 5k PS since it has a glass transition temperature of 
104ºC and it requires processing at 200ºC or higher even when processed in scCO2 which has 
some solvation effect on it.  However, as seen in the extruded sample, most of the available 
organic clay modifier begins to decompose at temperatures between 160˚C - 250˚C. At 200ºC 
and above the decomposition is accelerated especially when kept there for prolog period of time 
causing gallery collapse comparable to that of montmorillonite (Figure 6 and Figure 21).  71  The 
decomposition results in the burning (release) of the organic modifier chains, leading to the 
collapse of inner-gallery spacing. Furthermore, if enough of the clay organic modifier is 
decomposed the nano - clay reverts to its’ naturally hydrophilic nature (pure Cloisite Na+) 
making the nano - clay organo-phobic.  
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Figure 21. X-ray diffractogram of “as received” Cloisite 10A and 280k PS/10A nanocomposite prepared using the 
melt blending technique.  
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Figure 22. Storage modulus of 280k PS and 280k PS/10A nanocomposite prepared using the melt blending 
technique.  
 
Effect of solution blended and scCO2 processing  
To overcome this problem a little solvent was added to CO2 which could help here.  
Adding some solvent to the system allowed us to minimize processing temperatures and 
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maximize polymer interaction with the clay due to improved mobility. Styrene was used to lower 
the viscosity of polystyrene, facilitating better mixing and allowing processing below the glass 
transition temperature of high molecular weight polystyrene (104ºC). The low processing 
temperature had several advantages including minimizing the clay organic modifier degradation, 
maximizing the rate of CO2 density change, and improving the CO2- polystyrene miscibility. 
Additionally, the reduced temperature and viscosity allowed for longer processing times without 
worrying that clay will degrade, giving the polymer chains more time to thoroughly penetrate the 
clay layers. 
In order to benchmark the solvent assisted scCO2 processing method, solution blending 
samples of polystyrene with each of the clays (15A, 10A, 93A and I.30P) were created.  Table 1 
displays the chemical structure of each of the above organic modifiers.  As mentioned earlier the 
presence of short hydrocarbon chains (C18 tallow) in the galleries after modification renders the 
clay much more organophilic when compared to natural clay.  The organically modified clays 
were chosen for their varied modifier structures which allow for the study of modifier effects on 
nanocomposite morphology after scCO2 processing.  Carbon dioxide tends to solvate acidic and 
polar molecules better than nonpolar ones. It is expected that 93A which contains an acidic H+ as 
part of the modifier and 10A which contains a  slightly polar  modifier should  be reasonably 
compatible with scCO2, while the compatibility of 15A and I.30P which contain low polarity 
modifiers should be less.72 In order to achieve intercalation and/or exfoliation the energy released 
must compensate the entropy loss during nanocomposite formation. When a polymer is 
intercalated between the clay platelets there is a loss in conformational entropy that needs to be 
balanced by the conformational gain of the nano - clay surfactants (organic modifiers) and by the 
polymer-clay surface and polymer-clay surfactant interactions. 73 Whether or not the organic 
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modifier is polar or non-polar along with the polymer polarity has an effect on the outcome of 
the nanocomposite morphology. Also, the number of tallow groups on the organic modifier has 
been shown to be one of the major determining factors for polymer - clay compatibility. 
Furthermore, the charge density also plays a key role in influencing the compatibility between 
the surfactant and the clay. In the case where the interactions are already favorable like in the 
case of non-polar surfactant with non-polar polymer having a higher surfactant density might 
facilitate better polymer penetration in between clay layers. Conversely, if there is a polar 
surfactant and non-polar polymer, a higher surfactant density may prevent and even repel 
polymer confinement. 73 Giannelis et al. demonstrated both theoretically and experimentally in a 
series of studies that the entropy gained associated with the surfactant layer separation may not 
always be able to balance the entropy loss associated with the confinement of a polymer melt and 
consequently the entropy penalty to the confined polymer inhibit the formation of intercalated 
and or/exfoliated products.13, 15 Moreover, the formation of an intercalated system was 
dominated by the energetic factors which included the pair interactions of silicate 
surface/polymer, silicate surface/surfactant and surfactant/polymer. 13, 15, 73  
3.5.1a Wide angle X-ray diffraction  
“As received” Cloisite 15A and 93A display X-ray diffraction peaks corresponding to 
3.13 nm and 2.44 nm spacing respectively (Table 1). The difference in their equilibrium spacing 
comes from the slight variation in modifier chemistry mentioned.  It has been previously 
theorized that both dimethyl dehydrogenated tallow (2M2HT) and methyl dehydrogenated tallow 
(M2HT) (15A and 93A respectively) type modifiers arrange in a tilted paraffinic monolayer 
structure, however due to the higher affinity of M2HT to the clay surface the arrangement may 
be more compact. This, along with the lower density of modifier chains on the surface of 93A, 
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results in a reduced interlayer spacing. Based on the number of tallow constituents both clays 
should show similar compatibility with PS. However 93A contains a more polar surfactant, due 
to the presence of the acidic hydrogen, compared to 15A and it is expected to interact less with 
PS compared to 15A. 65, 74  Cloisite 10A and Nanocor I.30P display X-ray diffraction peaks 
corresponding to 1.92 nm and 2.25 nm d001 spacing respectively (Table 1). The small interlayer 
distance in Cloisite 10A suggests a lateral bi-layer arrangement of the intercalant while I.30P’s 
basal spacing puts it in a range that is most likely a pseudo bi-layer approaching monolayer-like 
organization.75, 76   Both clays contain one tallow tail; however 10A contains one polar moiety 
while I.30P contains one non-polar tallow part of the organic modifier and a high density making 
I.30P a good candidate for producing good dispersion in a non-polar polymer like PS. However, 
Cloisite 10A has a phenyl ring as part of the organic modifier and this type of functional group 
has previously been shown to be optimal for maximizing miscibility with polystyrene based 
polymers, therefore it is expected that 10A will show reasonable interaction with the matrix.    
X-ray diffraction was used to study the morphology of the resulting nanocomposites by 
probing changes in the level of clay dispersion. Furthermore, WAXD was also used as a tool to 
gain some insight on the strength of polymer - clay interactions. The relative amount of polymer 
that is in contact with the clay surface or interacts with the organic clay modifier can be 
qualitatively determined by analyzing the location of the clay’s characteristic X-ray peaks which 
represents the average clay platelet spacing.  X-ray diffraction at low angles was measured on 
solution-blended and scCO2-processed nanocomposites made with the four different clays 
(Figure 23). It is pertinent to note at this point that both the scCO2 and solution-blended samples 
were processed in solution with styrene and then dried under vacuum, the only difference 
between the two being the addition of supercritical CO2 during processing followed by a fast 
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depressurization (~300 MPa/min) protocol before removing the solvent. Cloisite 10A, Cloisite 
15A, Nanocor I.30P and Cloisite 93A solution blended and scCO2 processed nanocomposites 
display peak locations at 2Θ of 2.29º, 2.32º, 2.54º and 3.07º degrees respectively (Table 9).  
These values correspond to an average platelet inner-gallery spacing of 3.85, 3.80, 3.47, and 2.87 
nm. The final d001 values correspond to an increase in the inner-gallery spacing of 1.93 nm for 
10A, 0.67 nm for 15A, 0.49 nm for 93A and 1.34 nm for I.30P. Cloisite 10A showed the highest 
shift in the d001 pacing and the highest final spacing followed by 15A, I.30P and 93A (Table 9 
and Figure 23).  The X-ray diffractogram showed that whether or not a sample was processed 
with scCO2, the diffraction peak shape and position did not significantly change for all the clays.  
This behavior is most likely due to the solvent present in both samples that allowed the clay-
polymer system to adopt a preferred thermodynamically stable configuration for platelets and 
tactoids that are in close proximity after their respective processing.  A significant level of order 
in any remaining tactoids of even a well dispersed sample will result in a large X-ray peak.  It 
has been previously demonstrated that due to the complex morphologies possible in a clay 
nanocomposite X-ray diffraction should not be used as a standalone tool for determining 
dispersion. 77 However, X-ray diffraction can be used along with other techniques such as TEM, 
rheology, TGA and permeation testing to get a more complete picture into the nano - clay 
morphology of the nanocomposite.   Furthermore, X-ray diffraction can give some insight into 
the level of polymer - clay interactions present in the nanocomposite. The larger the final d001 
spacing the more polymer has penetrated in between the clay layers. Moreover, the presence of 
the d002 peak along with a tall d001 peak indicated that highly ordered intercalated 
nanocomposites are present. The second peak is definitely a d002 diffraction peak since it 
occurred at twice the value of 2 times the 2 theta of d001 peak. Vaia and co-workers have 
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demonstrated to be thermodynamically feasible to have large inner-gallery spacing if the 
enthalpic interactions between the polymer and nano - clay are strong enough.15 As a result, it is 
anticipated that the strength of polymer - clay interactions is directly correlated to the final 
gallery spacing at least in the PS/clay prepared with the solution blended and solvent assisted 
scCO2 processing methods. Therefore, in the Cloisite 10A nanocomposites, as expected from its 
phenol moiety as part of the organic modifier, the polymer - clay interactions are the strongest, 
closely followed by 15A, than by I.30P and 93A.  
 
Table 9. X-ray diffraction data summary.  The initial and final 2 theta and d001 spacing are shown for all the “as 
received” nano-clays and PS/clay nanocomposites. 
  
  
  
  
  
  
  
  
10A 15A 93A I30P 
 x-ray 
diffraction 
  
angle 
(2Θ) 
d001 
(nm) 
angle 
(2Θ) 
d001 
(nm) 
angle 
(2Θ) 
d001 
(nm) 
angle 
(2Θ) 
d001 
(nm) 
Pure 4.6 1.92 2.82 3.13 3.74 2.36 3.92 2.25 
PS-scCO2 
and 
solution 2.29 3.85 2.32 3.8 3.16 2.85 2.46 3.59 
difference -2.31 1.93 -0.5 0.67 -0.58 0.49 -1.46 1.34 
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Figure 23. X-ray diffractograms of PS/10A, PS/15A, PS/93A and PS/I.30P nanocomposites.  Solution blended 
samples are shown as open symbols while scCO2 samples are displayed as filled symbols.  The change in spacing of 
each clay from its equilibrium “as received” spacing to the final spacing in the PS/clay nanocomposites is shown 
below the graph. 
 
3.5.1b Transmission electron microscopy 
WAXD was inconclusive in elucidating the nanocomposites morphology due to its 
insensitivity to even large scale dispersion when there are tactoids that still contain a high level 
of ordered platelets. Transmission electron microscopy, rheology and permeability can be used to 
provide a better picture into the morphological changes in the polystyrene nanocomposite. 
Therefore, TEM was used as a technique to complement X-ray diffraction data in order to better 
visualize the spatial dispersion state of the nano - clay in the nanocomposites. With the sub-
nanometer resolution limit of the TEM, individual platelets and platelet stacks can be directly 
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visualized and a better picture into the nano - clay structure in the nanocomposites can be 
obtained.  
Images of solution-blended and scCO2 processed Cloisite 10A, 15A and 93A at low and 
high magnification display a significant reduction in average tactoid size when a sample is 
processed with scCO2 versus solution blending (Figure 24 - Figure 29).  Additionally, an increase 
in the number of individual platelets, and double or triple platelet stacks is visible in some of the 
high magnification images. The size of 50 representative tactoids from each sample over 
multiple images was studied. The average tactoid thickness in the Cloisite 10A scCO2 
nanocomposites (PS-5%10A-scCO2) is 31 nm while the average in solution (PS-5%10A-sol) is 
143 nm.  Utilizing the d001 spacing (see Appendix A) the average platelets per tactoids was 
calculated to be approximately 9 and 37 platelets for the scCO2 sample and solution blended 
sample respectively.  The average number of platelets per tactoids was calculated to be 
approximately 6 and 21 platelets for the scCO2 (PS-5%15A-scCO2) and solution blended (PS-
5%10A-sol) Cloisite 15A sample respectively. And for the 93 A samples 6 and 16 for the scCO2 
(PS-5%93A-scCO2) and solution blended composites (PS-5%93A-sol).  Tactoid size 
measurement for each sample indicates that scCO2 processing of a nanocomposite produced 
platelet stacks that were approximately 4 times smaller than when the sample was produced 
without scCO2 (Table 10). This significant increase in dispersion has been theorized to be caused 
by the dramatic expansion of CO2 between clay platelets during depressurization causing 
significant dispersion. Care was taken to not include in the tactoid size measurements any 
individual platelets observed because they were only easily observed at very high magnifications 
while tactoid sizes were better measured at moderate magnifications.  Additionally, imaging of 
individual platelets was only possible on the thinnest TEM films and best images; therefore it 
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was not possible to get a representative population measurement for all of the samples.  The 
result wa that the average tactoid size reported in the scCO2 processed samples is actually larger 
than it would be if individual platelets were also counted.   Therefore, irrespective of the WAXD 
peaks for the solution-blended and scCO2-processed samples being similar, the dispersion in the 
scCO2-processed samples is significantly better. The average tactoid size reduction appears to be 
independent of clay modifier chemistry as well as the clay spacing found in WAXD (Table 10).  
 
Table 10. Average tactoid sizes measured from TEM and the number of platelets per tactoid was calculated from the 
d001 spacing found with WAXD (Appendix A). 
Sample 
Tactoid size 
(nm) 
Platelets per 
tactoid 
Percent reduction 
in tactoid size (%) 
PS-5%10A-sol 143 37 
PS-5%10A-scCO2 31 9 75.68 
PS-5%15A-sol 75.5 21 
PS-5%15A-scCO2 18.81 6 71.43 
PS-5%93A-sol 44.6 16 
PS-5%93A-scCO2 10.4 4 75 
 
   A better level of dispersion was found for both scCO2 and solution blended Cloisite 93A 
nanocomposites compared to the reset of nanocomposites when comparing them by their 
processing method. It has been anticipated and subsequently shown in literature that clays 
exhibiting strong interaction with the polymer matrix should be more difficult to disperse than 
similar clays with less preferential interaction. 64, 78 When a polymer matrix has a strong affinity 
for the organic modifier on the clay surface the tendency is for the clay to form intercalated 
structures.  Intercalation of the polymer into the gallery increases the d001 spacing, however due 
to favorable interaction with the modifier it is believed that it then may act as a barrier to further 
platelet separation. This is the case in Cloisite 10A and 15A nanocomposites when there is a 
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strong affinity of polymer to the clay or organic modifier.  Conversely, with poorly interacting 
matrices the attractive force between polymer and clay or clay modifier is reduced and therefore 
dispersion in weakly interacting clay like 93A may be more readily attained.    
 
 
Figure 24. TEM micrograph of 5 wt % 10A solution blended with polystyrene at 30K and 200K magnifications. 
 
Figure 25. TEM micrograph of 5 wt % 10A scCO2 processed with polystyrene at 30K and 200K magnifications. 
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Figure 26. TEM micrograph of 5 wt % 15A solution blended with polystyrene at 30K and 200K magnifications. 
 
Figure 27. TEM micrograph of 5 wt % 15A scCO2 processed with polystyrene at 30K and 200K magnifications.  
 
Figure 28. TEM micrograph of 5 wt % 93A solution blended with polystyrene at 30K and 200K magnifications. 
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Figure 29. TEM micrograph of 5 wt % 93A scCO2 processed with polystyrene at 30K and 200K magnifications. 
  
3.5.1c  Rheology 
Despite the lack of differentiation between the nanocomposites morphologies in WAXD, 
TEM gave a deeper insight into the morphological changes that occur upon scCO2 processing. 
The scCO2 processing produces a more complex morphology when compared to solution 
blending. However, another more sensitive tool needs to be employed to gain a deeper 
understanding into the nanocomposites morphology and that also helps in differentiating 
between all the samples employed in this study. Rheology is a very sensitive tool for detecting 
even small changes in nano - clay dispersion and polymer - clay interactions in nanocomposites. 
Measuring the viscoelastic response helped in elucidating the effect of organic clay modifiers on 
polymer - clay interactions and clay dispersion. The frequency dependence at 140°C of the 
storage modulus (G’) for 10A, 15A, 93A and I.30P solution blended and scCO2 process 
nanocomposites (Figure 30 and Figure 30 respectively) showed distinct differences between the 
pure PS and the PS/clay nanocomposites, especially at the low frequencies. The storage modulus 
and loss moduli for PS-5%10A-scCO2 (Figure 32A), PS-5%10A-sol (Figure 32B),  PS-5%15A-
scCO2 (Figure 32C),  PS-5%15A-sol (Figure 32D), PS-5%I.30P-scCO2 (Figure 32E), PS-
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5%I.30P-sol (Figure 32F),  PS-5%93A-scCO2 (Figure 32G), PS-5%93A-sol (Figure 32H) are 
shown along with 280k PS for easy comparison of results. There was a moderate increase in the 
low frequency elastic modulus in the solution blended 15A and 10A composites (PS-5%15A-sol 
and PS-5%10A-sol) with the onset of a low frequency plateau.  When samples that have 
undergone the same solution blending protocol were processed with the scCO2 process, the 
resulting nanocomposites (PS-5%15A-scCO2 and PS-5%10A-scCO2) showed significant solid-
like behavior evidenced by a well-defined low-frequency plateau.  There was more than an order 
of magnitude increase in the low frequency plateau modulus over the solution blended 
composites and the scCO2 composites showed a reduction in frequency dependence of the 
storage modulus.  This significant improvement in modulus is most likely a direct result of the 
increased dispersion seen in TEM images.  The nearly 4-fold reduction in average tactoid size 
along with the significant increase in dispersed single platelets produced a clay-clay network 
with more interaction sites and an increase surface area available for polymer-clay and polymer-
clay modifier interactions, than in the more poorly dispersed solution composite benchmark. 
 In stark contrast, nanocomposites formed with 5 wt% 93A showed very little change in 
rheology after scCO2 processing despite the similar magnitude of reduction in average tactoid 
size that was seen in 15A and 10A nanocomposites.  The solution blended sample (PS-5%93A-
sol) displayed a deviation of the low frequency storage modulus slope from a terminal value of 2 
indicating reduced polymer mobility upon the addition of clay.  After processing with scCO2, the 
nanocomposite (PS-5%93A-scCO2) rheology showed very little change compared to the solution 
blended benchmark. The only change between the two was the evidence of the onset of a plateau 
at the lowest frequencies, an effect of the significantly improved dispersion observed in TEM 
images.   
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Figure 30. Storage modulus for the 5wt% solution blended nanocomposites. 
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Figure 31. Storage modulus for the 5wt% scCO2 nanocomposites. 
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Figure 32. Storage and loss moduli for PS-5%10A-scCO2(A), PS-5%10A-sol(B),  PS-5%15A-scCO2(C),  PS-
5%15A-sol(D), PS-5%I.30P-scCO2(E), PS-5%I.30P-sol(F),  PS-5%93A-scCO2(G), PS-5%93A-sol(H).  
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When comparing the storage modulus of the all nanocomposites produced in this study 
the result was somewhat surprising.  All of the samples prepared by solution blending have 
similar tactoid sizes and similar rheology, implying that any differences in polymer - clay 
interactions were not contributing significantly to the rheological response.  Once the samples 
were processed in scCO2 the tactoids undergo further (comparable for all clays) reduction in size 
by a factor of 4. Yet the PS-5%93A-scCO2 nanocomposite showed almost no improvement in 
rheology compared to PS-5%93A-sol
 
while the PS-5%15A-scCO2 nanocomposite improves by 
as much as 2 orders of magnitude compared to its solution blended counterpart (PS-5%15A-sol). 
Percolation threshold values shown in Table 11 were calculated based on the equation previously 
proposed by Ren et. al. 31  
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where ηper is the average number of platelets per tactoid, Φper ~ 0.3 (percolation for spherical 
domain), wsil,per is the weight fraction of silicate at the percolation threshold, Rh is the 
hydrodynamic radius (radius of platelet), ρorg is the density of the host polymer, ρsil is the density 
of the silicate and hsil is the thickness of a platelet. 
Table 11. Theoretical percolation threshold for all the solution blended and scCO2 processed PS/5wt% 10A, 15A, 
93A and I.30P nanocomposites. 
Sample 
Theoretical percolation 
threshold (wt%) 
PS-10A (sol) 3.1 
PS-10A (scCO2) 12.2 
PS-15A (sol) 2.1 
PS-15A (scCO2) 7.1 
PS-93A (sol) 1.4 
PS-93A (scCO2) 5.6 
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The published average value of 112.5 for the aspect ratio of the clays was used along 
with the tactoid sizes obtained from TEM in the calculations. It was found that for 
nanocomposites made with either clay at 5 wt% loading, the pseudo-percolation threshold is 
reached only after scCO2 processing (Table 11). Based on these results, it appears that once 
percolation has occurred, the strength of polymer - clay interaction is the main factor dictating 
the magnitude of the solid-like response at low frequencies. Of course, when dispersion is 
improved further, polymer - clay interactions would have even stronger effect. 
    To explain this phenomenon, the factors affecting the appearance of a low frequency 
plateau in the storage modulus need to be evaluated.  This plateau in G’ at low frequencies is 
indicative of clay - clay or clay – polymer - clay structure formation. 35 When a sufficient 
fraction of high aspect ratio particles are dispersed in a polymer matrix, their proximity is within 
a distance that they can “feel” each others’ presence through actual particle - particle contact or 
through transferred stress from particle to polymer to particle.  Due to the lack of viscoelastic 
relaxation of the clay particle, this network or pseudo-network adds a component of stress under 
shear that does not relax with time (at least in the time frame measured), resulting in reduced 
time/frequency dependence of viscoelastic properties.  Only in an idealized case will the 
dispersion be perfectly uniform and each clay platelet comes in direct contact with at least one 
other clay platelet once percolation has occurred.  In more realistic cases, the clay - clay 
interaction will occur equally often through clay - polymer - clay network formation.  This will 
only be true at or near the percolation threshold, i.e. if a large quantity of clay is loaded into a 
polymer, the rheological effects will largely come from particle - particle contact rather than 
particle – polymer - particle stress transfer.  When a nanocomposite has a fraction of clay that 
has not yet reached the theoretical percolation threshold, the particles are not in close enough 
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proximity to interact with each other, leaving their rheological effects to be minimal to moderate.  
Whether or not there is significant polymer-clay interaction will make some difference, but it 
will be small compared to that produced by network formation.  When the clay gets close enough 
for a network effect to be produced, the strength of interaction between filler and matrix becomes 
an important factor in reinforcement.  The better the interaction potential is, the more effectively 
stress will be transferred between clay platelets through the polymer medium.   
The rheology of these nanocomposites correlates well with the final basal spacing 
observed in WAXD. The larger the final equilibrium spacing obtained the higher the resulting G’ 
is, especially at lower frequencies, reinforcing the earlier observation that clay spacing is a good 
indicator of interaction strength. The result follows for the solution-blended and scCO2-
processed composites. This behavior was also observed by Rohlmann and co-workers in 
polypropylene/clay nanocomposites.65  Interestingly, there is a significant difference in the 
rheology between the solution-blended samples and the scCO2 nanocomposites made with the 
same clay despite similar WAXD peak location and height.  The implication is that X-ray 
diffraction of nanocomposites of different clays may be a good indicator for polymer - clay 
interaction strength and potential for reinforcement, but a poor indicator for dispersion state.  
A three order of magnitude improvement in low frequency storage modulus in the scCO2 
processed 10A and 15A nanocomposites is significant in polystyrene - clay nanocomposites.  
Melt processing and solution blending have been shown to give poor improvements many times 
in the past.  Tanoue and co-workers have melt blended high molecular weight PS with 
organically modified clay and obtained no improvement in dispersion due to modifier 
degradation at elevated temperatures.32 However when a clay containing organic modifier with 
short polystyrene chains was melt blended with PS, Hoffman and co-workers only obtained an 
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order of magnitude improvement in storage modulus low frequency plateau due to poor clay 
dispersion.79  Qi et al. used specially modified clay that was suspended in styrene monomer and 
polystyrene was polymerized in-situ in between the clay galleries. Despite this large level of 
complexity, the low frequency improvement was not as substantial even when twice the weight 
fraction of clay was used since they were not able to produced significant dispersion in the 
nanocomposites. 80   
 3.5.1d Thermogravimetric analysis 
  With such significant increases in rheological behavior upon processing nanocomposites 
in scCO2, there was question as to whether the clay modifier was affected during processing or if 
the matrix polymer could possibly had become attached to the clay surface. To address this 
possibility, the clay was separated from the polymer by centrifugation of a dilute solution of 
nanocomposite in toluene.  The separated clay was then heated in a thermal gravimetric analyzer 
where the weight loss that occurs upon degradation of any organics can be measured.  If the 
polymer chains were attached to the clay, we would find that the residual mass of clay after 
degradation would be significantly less than what was found in the pure clay because the weight 
fraction of organic material would be much higher. Although, there was a small difference in 
percent mass loss at 650ºC (char content), the difference between the scCO2 processed and 
solution blended nanocomposites was even smaller, evidence that no significant amount of 
material was bonded or removed from the clay surface during scCO2 processing or solution 
blending of the nanocomposites (Table 12).  This reinforced the explanation that the role of 
scCO2 in this system was to be a nano - clay dispersant and that scCO2 was not stripping the clay 
modifier, or induced any ionic or covalent interactions between the clay modifier and the 
polymer. More evidence of the similarities between scCO2 and solution blended nanocomposites 
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can be observed in the TGA curves and TGA derivative curves of “as received” clays and the 
corresponding nanocomposites (Figure 33 for 10A, Figure 34 for 15A Figure 35 for 93A and 
Figure 36 for I.30P).  From the TGA curves it can be seen that the 10A and 15A nanocomposites 
and to a much lesser extend 93A and I.30P composites showed a loss in weight between 50ºC 
and 150ºC. This may be attributed to residual solvent that was left over in the sample. It was not 
expected that the loss in weight below 150ºC to be caused by modifier degradation since the 10A 
modifier only starts to degrade at 160ºC when kept for a prolong period of time. Furthermore, 
Xie et. al showed that quaternary ammonium ions only start to degrade after 150ºC. 81 Also, the 
organic modifier in 10A is the least stable of all the clays in this study. In the previous section 
(Figure 18) it was shown that no loss on clay modifier occurred after drying the clay under 
vacuum for 6 hours. The sample spends much less time at 160ºC to have any effect on the 
degradation kinetics. Several interesting differences between “as received” clays and 
nanocomposites were: the disappearance of the peak in derivative weight between 200ºC and 
350ºC in the 93A, 15A and I.30P samples, the shift in the derivative weight peak from 200ºC to 
275ºC and from 375ºC to 425ºC in the 10A sample and the increase or slight shift in the 400ºC 
peak in the 93A, 15A and I.30P samples. This changes were more evident in 15A and 10A 
samples which contain excess modifier and less evident in 93A and I.30P samples which do not 
contain excess modifier. The scCO2 and styrene might have acted as carriers of excess modifier 
in the clay inner-gallery and closer to the clay surface where it was shielded from degradation 
until higher temperatures. A similar phenomenon was demonstrated when the clay was washed 
with ethanol and the excess modifier was more mobile and moved inside the clay inner-gallery. 
This in turned increased its thermal stability in a similar fashion to what was observed in this 
study. 81 
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Table 12. Residual mass (char %) for “as received” clays and separated clays from solution blended and scCO2 
processed nanocomposites. 
Sample 
% residual mass 
@ 650ºC (%) 
"As received" 10A 63.16 
separated 10A from PS-5%10A-sol 61.51 
separated 10A from PS-5%10A-scCO2 62.29 
"As received" 15A 57.75 
separated 15A from PS-5%15A-sol 59.15 
separated 15A  from PS-5%15A-scCO2 59.42 
"As received" 93A 64.72 
separated 93A from PS-5%93A-sol 62.06 
separated 93A from PS-5%93A-scCO2 63.42 
"As received" I.30P 66.38 
separated I.30P from PS-5%I.30P-sol 66.23 
separated I.30P from PS-5&I.30P-scCO2 65.76 
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Figure 33.  TGA curves and Derivative TGA curves for “as received” 10A and separated 10A from PS-5%10A-sol 
and PS-5%10A-scCO2. 
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Figure 34. TGA curves and Derivative TGA curves for “as received” 15A and separated 15A from PS-5%15A-sol 
and PS-5%15A-scCO2. 
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Figure 35. TGA curves and Derivative TGA curves for “as received” 10A and separated 93A from PS-5%93A-sol 
and PS-5%93A-scCO2. 
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Figure 36. TGA curves and Derivative TGA curves for “as received” I.30P and separated I.30P from PS-5% I.30P-
sol and PS-5% I.30P-scCO2. 
TGA was also performed on the scCO2-processed and solution-blended 5 wt % 
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nanocomposites as well as the “as-received” polymer (PS280) to determine any change in the 
thermal decomposition due to scCO2 processing. Decomposition effects have been observed in 
many publications on nanocomposites and have mostly been attributed to polymer confinement 
between clay platelets which can alter the Hoffman elimination. 68, 82 Table 13 contains the 
summary of all the TGA results for the 280k PS and the entire nanocomposites prepared in this 
study. Weight-loss curves of all 5 wt % scCO2-processed and solution-blended nanocomposites 
display a shift in thermal decomposition to a higher temperature compared the pure polymer. 
However, the 10 A nanocomposites (Figure 37) show the lowest increase despite showing the 
highest final d001 WAXD spacing of 3.92 nm (Figure 23) and the largest number of platelets per 
tactoid compared to the rest of the nanocomposites studied (Table 10). All the other 
nanocomposites showed similar improvements in thermal decomposition compared to 
polystyrene despite having different final d001 spacing and tactoid sizes. This was surprising 
since it was expected that the 10A nanocomposites will show the highest improvement based on 
the polymer confinement theory since the higher the d001 spacing and the higher the tactoid size 
the more polymer was trapped in-between and shielded from normal degradation. Therefore, it 
seems that there might be other factors that can also govern the polymer nanocomposites 
decomposition effects. However, all the scCO2 nanocomposites performed worse than the 
solution blended counterparts for all the clay which are expected to be less dispersed. At least if 
the clays are kept constant the confinement theory holds true, where the less dispersed solution 
blended composites show 4 to 5°C (2°C for 10A) (Table 13) improvement in the thermal 
decomposition temperature compared to scCO2 processed nanocomposites.  One possible 
explanation to the unexpected result is that organic modifier on Cloisite 10A starts to degrade 
much sooner (~160°C - Figure 33) than the rest of the organic modifiers (~ 200 - 250°C Figure 
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34 - Figure 36). Although the excess modifier might be shielded following scCO2 processing as 
it was shown in the separated clay TGA curves (Figure 33 - Figure 36), this effect was least 
prevalent in 10A as it was the only one that still showed a degradation peak at 300ºC (Figure 33). 
All the other clays only show a peak at around 400ºC or higher.  Therefore, it could be possible 
that the reason we see such a small improvement in 10A nanocomposites it due to the clay 
organic modifier degrading much sooner that the rest of the clays, opening up room for more 
polymer to be exposed to degradation at a lower temperature. The TGA of “as received” clays 
and clays that gave been separated from solution blended and scCO2 samples showed that the 
residual char was similar, indicating that after scCO2 processing there was no polymer tethered 
to the clay surface. The percent residual mass of the nanocomposites reveal a similar conclusion 
since the scCO2 and solution blended nanocomposites have similar residual weight percent 
(Table 13).  
Table 13. TGA Summary: Temperature at 10 and 50 wt %Weight Loss, Maximum Rate of Decompositions (MRD), 
Change in MRD Compared to PS (°C) and Percent Char (residual mass fraction at 650°C). 
Sample T10(oC) T50 (oC) 
MRD 
(ºC) 
Change in 
MRD 
Compared to 
PS (°C) 
% residual 
mass @ 650ºC 
(%) 
PS280 395 418 422 N/A 0.41 
PS-10A (sol) 396  423 425 3 5.53 
PS-10A (scCO2) 398 424 423 1 5.55 
PS-15A (sol) 382 430 432 10 5.12 
PS-15A (scCO2) 397 421 427 5 6.04 
PS-93A (sol) 383 428 432 10 4.95 
PS-93A (scCO2) 397 427 428 6 5.69 
PS-I.30P (sol) 401 434 436 14 5.84 
PS-I.30P (scCO2) 405 428 428 6 6.01 
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Figure 37. TGA curves and Derivative TGA curves for “as received” PS280 and PS-5% 10A-sol and PS-5% 10A-
scCO2 
Temperature (oC)
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
W
ei
gh
t P
er
ce
n
t (
%
)
0
10
20
30
40
50
60
70
80
90
100
0
10
20
30
40
50
60
70
80
90
100
PS-5%15A-scCO2
PS-5%15A-sol
PS280
 
Temperature (oC)
300 325 350 375 400 425 450 475 500
D
er
iv
a
tiv
e 
W
ei
gh
t (
%
/o C
)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
PS-5%15A-scCO2
PS-5%15A-sol
PS280
 
Figure 38. TGA curves and Derivative TGA curves for “as received” PS280 and PS-5% 15A-sol and PS-5% 15A-
scCO2 
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Figure 39. TGA curves and Derivative TGA curves for “as received” PS280 and PS-5% 93A-sol and PS-5% 93A-
scCO2 
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Figure 40. TGA curves and Derivative TGA curves for “as received” PS280 and PS-5% I.30P-sol and PS-5% I.30P-
scCO2 
3.5.1e Permeability  
A major advantage of the polymer/layered nano - clay nanocomposites is their ability to 
enhance barrier properties. It was reported that gas and water vapor permeability through 
polymer films can be significantly reduced with small nano - clays loadings (1-5 wt%). Most 
research on polymer/clay nanocomposite barrier properties is done on oxygen, carbon dioxide 
and nitrogen barrier films for packaging food industry. Other applications that show increase 
interests are gas tanks and coatings. 83 
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Figure 41. Tortuosity path in a polymer/clay nanocomposite. Path A displays the path a gas molecule will take to 
permeate through a neat polymer. Paths B-E are possible paths that a gas molecule can take in polymer filled with 
layered clay of different width (W), length (L) and orientation relative to the diffusion direction.  
 
The mechanism behind the mass transport of gasses permeating a polymer/layered clay 
nanocomposite is similar to that in a semi-crystalline polymer. 83 The nanocomposite is 
considered to consist of two phases: a permeable phase (polymer matrix) and a second phase 
consisting of dispersed nano - clay platelets that are non-permeable. The gas-permeability of a 
polymer/clay nanocomposite is influenced by three main factors: the volume fraction of the nano 
– platelets, the platelets orientation relative to the diffusion direction and the nano - clay platelet 
aspect ratio. It is commonly accepted that Frick’s law governs the transport mechanism within 
the polymer matrix. Also, the polymer matrix in a nanocomposite maintains the same properties 
and characteristics as the neat polymer. The permeability is dependent on solubility and 
diffusivity of permeate in the nanocomposite. Since the volume that the polymer matrix occupies 
is reduced due to presence of layered nano - clay, a decrease of the solubility may occur in the 
nanocomposite, as well as a decrease in diffusion due to a more tortuous path for the diffusing 
molecules. However, if the volume fraction of nano platelets is low (usually less than 5%) and 
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the reduction of the matrix volume relatively small and it is expected that the reduction of the 
diffusion coefficient will be higher than that of the solubility coefficient. Therefore, tortuosity is 
anticipated to be the major factor in determining the nanocomposite permeability.  The tortuosity 
is determined by the length and width of the filler material and therefore a function of the aspect 
ratio of the layered clay tactoids (many platelets stacked on top of each other – shown in Figure 
41), the degree of dispersion of the nano – clay and the tactoids and platelets orientation. The 
tortuosity factor can be defined by the following equation:  
    1 

 

  

                                              (4) 
where d’ is the distance that a penetrant must travel to the shortest distance d that it would travel 
in the absence of barriers. It is expressed in terms of the length L, width W, filler volume fraction 
ɸs and S represents the order parameter to take in consideration the tactoids and platelets 
orientation and it’s defined as: 
                                                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 ! 1""                                            (5) 
where θ represents the angle between the direction of preferred orientation which is parallel to 
the direction of permeate and the sheet normal unit vectors. It can range from 1 when the nano - 
clay platelets and/or tactoids are oriented parallel to direction of the permeate (when θ = 0) to -
1/2 when the nano - clay is oriented perpendicular to the permeate direction (θ = π/2), and a 
value of 0, when the nano - clay sheets are randomly oriented. S would need to be averaged over 
all the platelets and tactoids. The effect of tortuosity on permeability can be expressed by: 
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where Pn and Pp represent the permeability of the nanocomposite and pure polymer, 
respectively. Bharadwaj et. al have performed molecular modeling on the polymer/clay 
nanocomposites based on different parameters. Different nano - platelets orientations relative to 
the diffusion direction and several tactoids widths used in the molecular modeling by Bharadwaj 
are shown in Figure 42. As expected the gas permeability in nanocomposites decreased as the 
tactoids width (W) decreases, as the nano-platelet length increased and as the nano - platelets 
orientation approached perpendicular orientation relative to the diffusion direction (Figure 43). 84 
Therefore, to obtain the biggest reduction in permeability, preferably the dispersion should be 
maximized where the width is minimized and the platelets should be oriented perpendicular to 
the diffusion direction.  
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Figure 42. Values of the order parameter for three orientations of the platelets (top). 84 Influence of the degree of 
delamination on the tortuosity factor and the aspect ratio of nano-clay tactoids. W is the width of the nano-clay 
tactoid (bottom). 84 
 
 
Figure 43.  Dependence of the relative permeability on the order parameter at different sheet lengths (left). 
Dependency of the relative permeability on the average tactoid size (W) at several different plate lengths (right). 84 
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The transport properties of PS, solution blended and scCO2 processed 5 wt% 
nanocomposites were tested in this study to measure the scCO2 induced dispersion and clay 
organic modifier effect on oxygen and water vapor permeability. The presence of dispersed nano 
- clay particles increases the tortuous path that a molecules needs to take to diffuse through the 
polymer matrix.  The permeability was expected to reduce more as the extent of dispersion 
increased. Therefore, it is anticipated that the scCO2 processed nanocomposites, having enhanced 
nano - clay dispersion over to the solution blended benchmarks, should displayed the highest 
reduction in permeability between the two processing methods. The PS/10A solution blended 
nanocomposite showed a 9% reduction in oxygen permeability and 33% reduction in water 
vapor permeability over the neat PS. As anticipated, the scCO2 processed 10A (PS-5%10A-
scCO2) nanocomposites displayed a 35% further reduction in oxygen permeability over solution 
blended benchmark for a total reduction of 45% over neat PS (Figure 44 and Table 14). 85 Also, 
the scCO2 processed 10A nanocomposit displayed a further reduction in water vapor 
permeability over the solution blended benchmark for a total of 39% reduction over neat PS 
(Figure 45 and Table 15). 85 In contrast, the scCO2 10A nanocomposite made with pre - 
dispersed clay (PS-5%10Ape-scCO2) showed no improvement in oxygen permeability over the 
scCO2 10A nanocomposite made with “as received” 10A (PS-5%10A-scCO2). However, it did 
show a modest further reduction of water vapor permeability of 5% (Figure 45). This was 
unexpected since this sample had enhanced nano - clay dispersion over the scCO2 
nanocomposite made with “as received” 10A. The enhanced dispersion was anticipated to have a 
similar effect in improving transport properties like it had in improving the rheological properties 
due the presence of more individual platelets. However, it seems the clay dispersion 
improvement in this sample did not play a significant role in lowering the permeability or the 
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improvement was not significant enough to have an effect on transport properties. The 
nanocomposites made with 5 wt% Cloisite 15A also showed a reduction in both oxygen and 
water vapor permeability over the pure PS (Figure 46 and Figure 47). Moreover, the 15A 
nanocomposite prepared using the scCO2 processing method also displayed a further reduction in 
both O2 (by 40%) and water vapor permeability (10%) over the solution blended benchmark for 
a total of 60% and 29% reduction over PS respectively. In contrast, the nanocomposites made 
with Cloisite 93A which had the best dispersion compared to the other clays (10A and 15A) only 
showed a modest 6% reduction in O2 permeability. However, the solution blended 93A sample 
(PS-5%93A-sol) displayed an 18% increase in oxygen permeability (Figure 48), although it 
showed a reduction in water vapor permeability by 29% (Figure 49). The increase in 
permeability of the solution blended and the modest reduction of the scCO2 sample in 93A 
nanocomposites was unexpected since it is known that permeability is dependent on nano - clay 
dispersion and as dispersion increases the permeability should decreases. This phenomenon was 
not only shown experimentally 86,87 but also by modeling. 84, 86, 87 However, sometimes the 
nanocomposites permeability can be affected by the existence of interfacial regions between the 
matrix and the inorganic particles. These areas may affect the gas and vapor diffusion 
coefficient. The interfaces are caused either by the surfactant that is used for the modification of 
the particles or/and are due to the formation of voids between the different phases.83, 88, 89 The 
positive interaction between the clay organic modifier and polymer matrix may cause a region 
around the clay particles that is denser than the bulk polymer matrix. This higher interphase 
polymer layer near the inorganic has different properties than the bulk matrix and may cause 
further reduction in barrier properties.90 It is also suggested that the strong interfacial interaction 
may also cause a reduction in free volume like it has been found in styrene–butadiene rubber-
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montmorillonite nanocomposites, therefore reducing the gas or vapor permeability. 91   The same 
effect was observed in poly (e-caprolactam) clay nanocomposites, where, based on a theoretical 
model, a reduction of 14% in free volume fraction was reported with the addition of 2 wt% 
modified clay. 92 Ammala et al. showed in poly(m-xylene adipamide)-montmorillonite 
nanocomposites that the favorably interacting Cloisite 10A showed a considerable reduction in 
the oxygen transmission rates of nanocomposites (66% reduction) while Cloisite 93A showed a 
small increase (4% increase). 93 Since both 93A and 10A nanocomposites showed similar 
dispersion, the authors were looking for an alternative explanation for the different barrier 
properties obtained in the two nanocomposites. Therefore, they attributed this increase in oxygen 
transmission rate in 93A due to due to the steric effect due to the presence of two long non - 
polar chains compared to one in 10A, preventing the close approach of the clay particles to the 
polyamide chains. 93 Although steric hindrance might play a role, it does not seem to be the main 
cause since both Cloisite 15A solution blended and scCO2 processed nanocomposites showed 
much larger permeability reduction compared to 93A and even compared to 10A in the case of 
oxygen permeability even though 10A only has one C18 non - polar chain. It is more probable 
that the main cause is the reduced polymer-clay interaction in 93A nanocomposites that are 
responsible for the poor barrier properties in 93A, similar to what was observed in poor 
rheological properties in 93A nanocomposites compared to 10A and 15A nanocomposites (see 
Figure 31). WAXD also showed the same trend where the larger final d001 spacing can be 
attributed to increase polymer-clay interactions in 10A and 15A (Figure 23). Therefore, it is 
probable that the strong interfacial polymer - clay interactions may cause a reduction of free 
volume in the case of 10A and 15A leading to a decrease in barrier properties. Conversely, the 
weak polymer clay interaction between the organic modifier in 93A and PS  may cause only a 
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small decrease or even an increase in a free volume in the nanocomposites that can be 
responsible for the slight increase in O2 permeability in the 93A solution blended nanocomposite. 
94
  However, all nanocomposites including both 93A nanocomposites showed a reduction in the 
water vapor permeability compared to the neat PS (Table 15). The reduced water vapor 
permeability was expected even in both 93A nanocomposites due to the hydrophobic nano - clay 
nature due to the presence of the organic modifiers. Sorrentino and co-workers have found that 
the permeability of water was reduced whereas the dichloromethane permeability was increases 
due to due to the specific properties of the interface region, which in turn are determined by the 
nature of the polymer and of the nano - filler. In the case of dichloromethane, due to these 
specific properties the formation of preferential pathways in the proximity of the clay surface led 
to increase in permeability. 88  
Therefore, as expected, all of the scCO2 nanocomposites containing a higher amount of 
dispersed nano - clay compared to the solution blended benchmark showed higher reduction in 
both oxygen and water vapor permeability. Moreover, the results obtained from permeability 
studies further demonstrate the ability of scCO2 method to produced highly dispersed 
nanocomposites with enhanced properties. Furthermore, choosing the right polymer - clay 
system that can provide both good dispersion and good polymer - clay interactions is imperative 
in obtaining the desired end property improvements. Two examples of choosing the right system 
are the 10A and 15A scCO2 nanocomposites where the oxygen permeability was reduced 
compared to neat PS by 45% and 60% respectively. The most significant reduction in oxygen 
permeability in polymer/clay nanocomposites come from those made by using the in-situ 
polymerization method with custom made organic modifiers.83, 86, 87, 90, 95 Nazarenko et al. used 
clay that was modified with specialty organic modifiers that are supposed to interact well with 
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PS to prepare nanocomposites using the in-situ polymerization method. They were able to reduce 
the oxygen permeability between 10 and 30% compared to neat PS depending on what clay they 
used at 5wt% clay loading. 86 
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Figure 44. Oxygen permeability of 280k PS, solution blended and scCO2 processed Cloisite 10A nanocomposites.  
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Figure 45. Water vapor permeability of 280k PS, solution blended and scCO2 processed Cloisite 10A 
nanocomposites. 
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Figure 46. Oxygen permeability of 280k PS, solution blended and scCO2 processed Cloisite 15A nanocomposites. 
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Figure 47. Water vapor permeability of 280k PS, solution blended and scCO2 processed Cloisite 15A 
nanocomposites. 
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Figure 48. Oxygen permeability of 280k PS, solution blended and scCO2 processed Cloisite 93A nanocomposites. 
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Figure 49. Water vapor permeability of 280k PS, solution blended and scCO2 processed Cloisite 93A 
nanocomposites. 
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Figure 50. Water vapor permeability of 280k PS, solution blended and scCO2 processed Nanocor I.30P 
nanocomposites. 
100 
 
 
Table 14. Average and standard deviation data for oxygen permeability of 280k PS, solution blended and scCO2 
processed Cloisite 10A, 93A, 15A and Nanocor I.30P nanocomposites. The table includes percent reduction in O2 
permeability relative to neat 280k PS and to corresponding benchmarks of solution blended nanocomposites. 
Sample O2 Permeability (cc*mm)/(m2*day) 
  Average 
Standard 
Deviation 
Reduction relative 
to 280PS (%) 
Reduction relative 
to 
sol. blended 
benchmark (%) 
280PS 209.66 125.17     
PS-5t%10A-sol 227.73 110.95 -8.98   
PS-5%10A-scCO2 140.19 69.71 -43.97 -38.44 
PS-5%10Ape-scCO2 139.23 46.07 -44.35 -38.86 
PS-5t%93A-sol 295.40 136.61 18.06   
PS-5%93A-scCO2 236.00 7.07 -5.68 -20.11 
PS-5t%15A-sol 200.93 60.89 -19.69   
PS-5%15A-scCO2 99.20 21.75 -60.35 -50.63 
 
Table 15. Water vapor permeability of 280k PS, solution blended and scCO2 processed Cloisite 10A, 93A, 15A and 
Nanocor I.30P nanocomposites. The table includes percent reduction in
 
water vapor permeability relative to neat 
280k PS and to corresponding benchmark solution blended nanocomposite. 
Sample Water Vapor Permeability (g * mm) / (m² - day ) 
Average 
Standard 
Deviation 
Reduction relative 
to 280PS (%) 
Reduction relative to sol. 
blended benchmark (%) 
280PS 3.57 0.11     
PS-5t%10A-sol 2.38 0.20 -33.42   
PS-5%10A-scCO2 2.16 0.26 -39.40 -8.99 
PS-5%10Ape-scCO2 2.01 0.28 -43.63 -15.33 
PS-5t%93A-sol 2.52 0.23 -29.32   
PS-5%93A-scCO2 1.97 0.22 -44.86 -21.99 
PS-5t%15A-sol 2.78 0.11 -22.04   
PS-5%15A-scCO2 2.52 0.18 -29.41 -9.46 
PS-5t%I.30P-sol 3.20 0.47 -10.36   
PS-5%I.30P-scCO2 3.24 0.52 -9.15 1.35 
3.5.2 Effect of scCO2 processing parameters on nanocomposite morphology and properties 
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Gaining a better understanding on the effects that different processing parameters have on 
the nanocomposite morphology and properties is of great importance.  Therefore, a better 
representation can be developed of the physical representation describing what is occurring 
during CO2 processing that can lead to improve nano - clay dispersion.  Moreover, once the 
effects that the parameters have on the resulting nanocomposite morphology and properties are 
better understood, a better optimization of the scCO2 process can be performed in order to obtain 
the desired results. The effect of scCO2 depressurization rate, scCO2 soaking, nano - clay pre-
dispersion, nano - clay weight fraction, and nanocomposites processing time and pressure were 
studied.   
To study the effect of clay weight fraction on nanocomposites morphology and properties 
six samples (2, 5 and 10 wt% clay) were made using “as received” Cloisite 10A and 93A using 
the scCO2 process (PS-2%10A-scCO2, PS-5%10A-scCO2, PS-10%10A-scCO2, PS-2%93A-
scCO2, PS-5%93A-scCO2, PS-10%93A-scCO2). Two 5 wt% 10A sample were also prepared 
which were depressurized at different rates compared to PS-5%10A-scCO2 (~300MPa/min) to 
investigate the role of scCO2 soaking and depressurization rate on the resulting nanocomposite 
morphology and properties.  The first nanocomposite PS-5%10Amd-scCO2 was depressurized at 
~0.115MPa/min and the second (PS-5%10Asd-scCO2) was depressurized even slower at 
~0.045MPa/min. Another 5wt% 10A sample was made using clay that was pre-processed in 
scCO2 (PS-5%10A-scCO2) to  investigate the role of clay dispersion on the resulting 
polymer/clay nanocomposite properties. To eliminate the role of thermal annealing and solution 
blending, benchmark composites of 2, 5 and 10 wt% by clay (PS-2%10A-sol, PS-5%10A-sol, 
PS-10%10A-sol, PS-2%93A-sol, PS-5%93A-sol, PS-10%93A-sol) were made in the same vessel 
without the presence of scCO2 at 80 ºC for 24 hours. WAXD of PS/10A nanocomposites is 
102 
 
 
displayed in Figure 51, Figure 53 and Figure 55 for PS/93A nanocomposites.  Interestingly, all 
samples showed a large diffraction peak at 2θ = 2.29º regardless of weight fraction, processing 
conditions, or rheological enhancement for PS/10A nanocomposites.  The shift in the d001 peak 
from 4.6º for pristine 10A to 2.29º corresponds to a tripling of platelet spacing from 0.92 nm to 
2.85 nm, and implies that polymer has been intercalated into the clay galleries. Moreover, the 
presence of the d002 peak along with a tall d001 peak indicates a highly ordered intercalated 
nanocomposite is present. Giannelis and Vaia have previously modeled intercalation behavior of 
clay in a polymer matrix and determined that there are several factors that contribute to the level 
of clay dispersion that is attainable in system. The authors also performed corresponding 
experiments on several PS/clay hybrids to substantiate the simulation results. 13, 15  Their findings 
show that there is an entropic balance between the clay modifier that wants to have as much 
conformational freedom as possible, and the matrix polymer that does not want to be confined 
between the clay platelets.  The entropic gain associated with the organic modifier from 
increasing the clay basal spacing only occurs until the modifier chains become fully extended 
(h∞), after which there is no gain or penalty to increased platelet spacing.  However, there is still 
an entropic penalty to increased spacing that comes from polymer confinement until the clay 
spacing is greater than the average radius of gyration of the matrix material. In order for the 
platelet spacing to extend farther than h∞ would require strong polymer-clay interactions to 
overcome the entropic barrier. The inter-gallery spacing at full chain extension can be expressed 
in terms of the number of carbon atoms in the aliphatic backbone by equation 2 in Chapter 2. 
The polystyrene/styrene/10A system was processed in a good solvent for the clay 
modifier and it follows that the aliphatic chains will want to be as extended as possible, which 
would correlate to a spacing of approximately 2.4 nm. This compares favorably with the 
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experimentally measured inter-gallery spacing of 2.85 nm for 10A.  However, since there was 
also polymer in solution, the barrier to exfoliation of the ordered platelets may be too great to 
overcome leading to an ordered highly intercalated composite. 
3.5.2a Effect of depressurization rate on nanocomposite morphology and properties 
The current understanding about what is happening during depressurization is that when 
the scCO2 is leaving the nano - clay inner-gallery spacing during depressurization it pulls the 
platelets apart due to the sudden expansion (increase in volume). However, no studies have been 
done in understating the effect of the rate of depressurization on the structure and properties of 
the resulting nanocomposite. Moreover, is the presence of CO2 (CO2 soaking) enough to cause 
improvements in dispersion and/or properties? In other words, if the sample is depressurized 
very slowly will the improvements be better than the solution blended and/or will they even be 
similar to the sample that is suddenly depressurized. 
To achieve this task three 5 wt% 10A scCO2 samples were also prepared which were 
depressurized at different rates PS-5%10A-scCO2 at ~300MPa/min, PS-5%10Amd-scCO2 at 
~0.115MPa/min and PS-5%10Asd-scCO2 at ~0.045MPa/min. All samples that were 
depressurized at significantly different rates showed similar d001 spacing (Figure 51).  
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Figure 51. X-ray diffractograms of “as received” Cloisite 10A and solution blended, and scCO2 
PS/10Ananocomposites processed and depressurized at various rates prepared. 
Despite the lack of differentiation between the nanocomposites morphologies in WAXD, 
rheological studies revealed significant differences between the samples after scCO2 processing 
and depressurizing at different rates. Sample PS-5%10Asd-scCO2 that was depressurized very 
slowly over a period of 5 hours at a rate of ~ 0.045MPa/min showed an improvement in the 
storage modulus low frequency plateau of almost an order of magnitude compared to the solution 
blended benchmark sample (Figure 52). This result demonstrates that even if the sample is 
depressurized slowly, the rate of CO2 expansion is fasters than the CO2 diffusion out of the 
inner-galley spacing and the CO2 is still causing nano - clay dispersion by pushing the platelets 
apart as it leaves. However, when a similar sample was depressurized 2.5 times as fast at 
~0.115MPa/min over a 2 hour period (PS-5%10Amd-scCO2) it displayed a further improvement 
in storage modulus due to improved dispersion. Moreover, when a sample was depressurized 
nearly instantaneously at ~300MPa/min (PS-5%10A-scCO2) it showed an even more significant 
enhancement in storage modulus at all frequencies. This study demonstrated the need for fast 
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CO2 depressurization not just CO2 soaking in order to maximize nano - clay dispersion during 
depressurization. Although, CO2 soaking aids in clay dispersion, it is significantly more 
important to depressurize as fast as possible in order to push the nano - clay platelets apart and 
maximize the surface area that can be available for polymer - clay interaction. This reinforces the 
assertion that the rate at which scCO2 escapes does in fact have a drastic effect on the resulting 
nanocomposite structure. When the system was depressurized instantaneously, the scCO2, which 
diffused in between clay layers during processing, underwent a more drastic change in density 
and effectively pushed the platelets apart. This phenomenon was not observed when the system 
was slowly depressurized since scCO2 had a much longer time to diffuse out of the clay galleries 
without significantly affecting their structure. Although the same d001 peak was seen for both 
samples, the viscoelastic results suggest that there is a higher level of dispersed single platelets in 
PS-5%10A-scCO2 compared to PS-5%10Asd-scCO2 and PS-5%10Amf-scCO2. 
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Figure 52. Storage modulus of 280k PS and solution blended, and scCO2 PS/10A nanocomposites processed and 
depressurized at various rates prepared.  
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3.5.2b Effect of nano - clay scCO2 pre - dispersion on nanocomposite morphology and 
properties 
An interesting phenomenon was the behavior of the pre - dispersed clay when it was 
reprocessed in a polymer solution using either the scCO2 processing technique or the traditional 
solution blending method. Even though the clay itself was scCO2 processed and determined to 
have no measurable order as evident by the disappearance of the d001 peak in WAXD (Figure 8), 
upon addition to polymer solution it seemed to regain its parallel registry (Figure 53). It has been 
shown previously that disordered intercalated systems will not give an X-ray peak even if the 
platelets are still quite close together. 37 If the platelets in the clay have not been exfoliated, and 
instead have lost their ordered spacing, it is possible that the solvent allows the dynamic 
reorganization of platelets to a more ordered thermodynamically favorable morphology. The 
most entropically favorable state in 10A is when the platelets have an inter-gallery spacing of 2.4 
nm. It is then expected that if disordered intercalated clay was added into the styrene/polystyrene 
solution, the platelets will revert to their thermodynamically stable orientations. This would 
result in a composite that looks like all of the other composites in WAXD, but has a higher level 
of dispersed platelets and smaller tactoids as it was evident in TEM and rheology.  
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Figure 53. X-ray diffractograms of “as received” Cloisite 10A and PS/10A nanocomposites prepared with “as 
received” and pre-dispersed 10A to determine the effect of nano-clay pre-dispersion of the final nanocomposite 
morphology and rheological properties. 
Again, despite the lack of differentiation between the nanocomposites morphologies in 
WAXD, TEM gave a deeper insight into the morphological changes that occurred upon scCO2 
processing. As previously shown, the scCO2 processing produced a more complex morphology 
when compared to solution blending. The storage modulus, G’, of the 5 wt% 10A 
nanocomposites (scCO2 and solution blended) processed with “as received” and scCO2 pre - 
processed 10A is displayed in Figure 54.  The solution blended benchmark sample (PS-5%10A-
sol) exhibited similar improvements in the viscoelastic response to previously publish data on 
solution blended hybrids. 35, 47 The morphology of the solution blended sample is believed to be 
purely intercalated as was supported by WAXD and TEM and in good agreement with recent 
publications which illustrated that polystyrene/clay nanocomposites made using solution 
blending alone resulted only in an intercalated morphology. 35, 96 The scCO2 pre - dispersed 
Cloisite 10A was reprocessed in the presence of polystyrene/styrene solution using the solution 
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blended technique (sample PS-5%10Ape-sol) and in scCO2 (sample PS-5%10Ape-scCO2) in an 
attempt to improve the clay dispersion in the resulting nanocomposites. The storage modulus of 
the sample PS-5%10Ape-sol and PS-5%10Ape-scCO2 sample exhibited a reasonable 
enhancement (a half an order of magnitude) over the PS-5%10A-sol and PS-5%10A-scCO2 even 
though all samples exhibit a similar d001 peak (Figure 54). Pre - dispersing the clay increases the 
surface area that is available for interaction with polymer due to the decrease in tactoid size and 
increase in disorder that clay undergoes during scCO2 processing and depressurization. The 
fraction of individual platelets that has been delaminated (as evidenced by SEM - Figure 54) 
should account for a reasonable increase in available surface area for interaction. The samples 
prepared with pre - dispersed clay should have richer morphology to account for the 
improvement observed in the rheological properties. Therefore, in the PS-5%10Ape-sol and PS-
5%10Ape-scCO2 nanocomposites there a larger number of individual platelets present and 
tactoids contain a smaller amount of platelets compared to the corresponding PS-5%10A-sol and 
PS-5%10A-scCO2 samples.   
 
 
 Figure 54. Storage moduli of 280k PS and PS/10A nanocomposites prepared with “as received” and pre
10A. SEM pictures of “as received” 10A (bottom) and pre
 
3.5.2c Effect of nano - clay weight 
The clay weight fraction effect on nanocomposites morphology was 
preparing 2, 5 and 10 wt% nano 
blending methods (only for 10A)
nanocomposites (Figure 55) show
content. The d001 peak for all of the PS/Cloisite 10A samples shifted the same amount from 1.92
nm (Cloisite 10A) to 3.85 nm, wh
was independent of weight fraction.  This corresponds to an increase in the equilibrium inter
gallery spacing of 1.93 nm for the Cloisite 10A nanocomposites (
spacing dependence on weight fraction 
contrast, the Cloisite 93A nanocomposites final d
109 
 
-dispersed 10A (top). 
fraction on nanocomposite morphology and properties
– clay nanocomposites using scCO2 (10A and 93A) 
. As expected, all 10A nanocomposites
ed the same intercalation peak in WAXD regardless of clay 
ich implies that the level of intercalation of 10A in polystyrene 
Figure 55). The lack of platelet 
is in good agreement with published data
001 spacing was only 2.85 nm 
 
-dispersed 
 
also studied by 
and solution 
 and 93A 
 
-
. 
35, 97
  In 
(Figure 55). The 
110 
 
 
smaller final spacing in 93A, as previously discussed, was due to poorer interactions between 
93As’ organic modifier and PS compared to organic modifier in 10A and PS leading to a smaller 
amount of PS chains to penetrate the inner - gallery spacing of the nano – clay in 93A.  
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Figure 55. X-ray diffractograms of “as received” Cloisite 10A and 93A and PS/10A and PS/93A nanocomposites 
with varying nano-clay weight fractions. 
 
  Even at weight fractions as low as 2 wt% clay, the scCO2 processed samples, PS-
2%10A-scCO2 (Figure 56) and PS-2%93A-scCO2 (Figure 57) displayed a low frequency 
reinforcement in G’ which was not observed with the benchmark analog sample (PS-2%10A-sol) 
(Figure 56) indicating that the scCO2 processed sample has a higher level of clay dispersion. 
Though WAXD can only confirm the existence of intercalated clay in the samples, this 
improvement at such low weight fraction reinforces the belief that there is a fraction of clay 
platelets present that are well dispersed.  As would be expected from the higher level of 
intercalation and matrix interaction of the PS-2%10A-scCO2, the low frequency plateau displays 
half an order of magnitude increase over the PS-2%93A-scCO2 composite.  The rheology data 
for all 2% samples overlay for most of the frequency spectrum, implying that though low 
frequency enhancement may exist, the dynamics of the chains have not been significantly 
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altered.  PS-2%10A-sol
 
showed no change at all over the pure polystyrene even though X-ray 
diffraction showed that the composite is intercalated.  This was also observed by Zhao et al. in a 
solvent blended nanocomposite with similar clay loadings. 47   In the same paper, it was shown 
that their sonication technique gave well exfoliated composites, and the results for a 2.5 wt% 
composite were comparable to our PS-2%10A-scCO2 composite further substantiating the fact 
that in the scCO2 processed sample the level of dispersion is significantly higher than in the 
solution blended benchmark. 
At 5 wt% (PS-5%10A-scCO2) G’ further increased signifying that a richer morphology is 
present in the 5 wt% scCO2 sample where a percolation of clay platelets has occurred. 
Furthermore, the G’ of the 5 wt% scCO2 sample even becomes larger than the 10 wt% solution 
blended sample (PS-10%10A-sol) at low frequencies despite having half of the clay content 
(Figure 56). This further demonstrates that there has to be a higher dispersion level in the scCO2 
processed samples compared to the solution blended samples to obtain such improvements.   
Also, there is a reasonable 40% increase in both PS-5%10A-scCO2 and PS-5%93A-scCO2 over 
pure polystyrene across the frequency range that continues until 3x10-4 rad/s where PS-5%10A-
scCO2 begins to dominate.   These reinforce the conclusion that scCO2 93A and 10A samples are 
at least semi-dispersed and that interaction with the PS matrix allows the 10A sample to give 
superior reinforcement.   
The viscoelastic properties of the nanocomposites with 10 wt% clay, PS-10%10A-scCO2 
and PS-10%93A-scCO2, both showed significant improvement over the 5 wt% scCO2 samples 
and the neat polymer across the entire frequency range demonstrating that the scCO2 sample 
must have a high level of clay dispersion in order to achieve this kind of improvements. In the 10 
wt% nanocomposites the nano – clay may form a more developed percolated network (not only a 
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pseudo - network like in the 5 wt% nanocomposites) where there might be clay - clay network 
not just clay-polymer-clay network where the stress can be more efficiently transferred from clay 
to clay platelets and/or tactoids.  Noteworthy is the difference between the composites prepared 
with scCO2 and the solution blended benchmark samples. As discussed earlier, both the scCO2 
processed and the benchmark composites containing 10A showed the same level of intercalation 
in X-ray diffraction (Figure 23), and all of the 10A composites showed a higher level than the 
93A.  Though this is true, both of the 10 wt% composites processed in scCO2 showed an increase 
of 60% in G’ over the benchmark at high frequencies and more than an order of magnitude 
increase in the low frequency plateau range.  The scCO2 process for dispersing nano - clays has 
been previously shown to give a high level of delamination in both Cloisite 10A (Chapter 2)77 
and 93A59 and that some fraction of the clay has been well dispersed and will not register in X-
ray diffraction as a shift or a peak. Therefore, the enhancement in viscoelastic response for PS-
10%10A-scCO2 and PS-10%93A-scCO2 could be attributed to a large fraction of the clay being 
dispersed during the CO2 depressurization.  The morphology of the non-scCO2 processed PS-
10%10A-sol is assumed to be purely intercalated, and the enhancement of PS-10%10A-sol over 
the pure PS280 is theorized to result from the good interaction of the clay modifier with 
polystyrene.  This result seems to be in good agreement with recent work by Xu et al 35 and Han 
et al 96 who have shown that solution blending alone in polystyrene composites seems to give 
only intercalated morphologies, and work by Cho et al. that showed that the 10A modifier should 
interact well with styrene based polymers. 68. 
There is a lack of rheological difference between the 10A and 93A 10wt% scCO2 
processed nanocomposites even though there is a reasonable difference in the clay intercalation 
between the two according to X-ray and between their 2 and 5 wt% nanocomposites.  If both 
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systems have reached a true percolated network it is possible that we are effectively probing the 
clay stiffness and the difference in clay-matrix interaction may no longer be resolvable with this 
measurement method.    
Recent works in solution blending show similar results to the benchmark composites at 
various clay loadings. 96, 98 Sohn and coworkers saw no improvement at low clay loadings but 
they obtain an order of magnitude increase in an intercalated 10 wt% nanocomposite. The scCO2 
processed 2% composite (PS-5%2A-scCO2) displays a viscoelastic improvement comparable to 
their 10% sample in storage moduli at low frequencies. The clay weight fraction study further 
substantiates the conclusion that scCO2 processing of polymer nanocomposites leads to 
improved clay dispersion. 
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Figure 56. Storage modulus of 280k PS, PS/10A scCO2 and solution blended processed nanocomposites. 
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Figure 57. Storage modulus of 280k PS and PS/93A scCO2 processed nanocomposites. 
 
TGA was performed on the 10 wt% scCO2 and solution blended nanocomposites 10A 
and scCO2 93A nanocomposites to determine the change in the thermal decomposition 
temperature when the weight percent of clay is doubled compared to the 5 wt% samples (Figure 
58).  The TGA derivative is useful for determining the temperature at which the maximum rate 
of decomposition (MRD) occurs (Figure 59). An increase in MRD from 422ºC for pure 
polystyrene to 435ºC, 433 ºC and 439 ºC for PS-10%10A-scCO2, PS-10%93A-scCO2 and PS-
10%10A-sol
 
was observed (Table 16). The lower MRD for PS-10%10A-scCO2 compared to PS-
10%10A-sol
 
can be attributed to a higher level of platelet dispersion, and therefore a reduced 
amount of polymer intercalated between platelets. The PS-10%10A-scCO2 and PS-10%10A-sol 
samples displayed a 12 ºC and 14 ºC respectively improvement in the MRD compared to PS-
5%10A-scCO2 and PS-5%10A-sol. The PS-10%93A-scCO2 nanocomposites only showed an 
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improvement of 5 ○C over PS-5%93A-scCO2. Comparing the 10 wt% results with those from the 
5 wt% samples it can be concluded that the higher the amount of polymer confined the higher the 
higher the decomposition improvement for the same clay. This result is in good agreement with 
Morgan and co-workers who showed that reducing the amount of polymer intercalated between 
platelets also reduces the amount of relative decomposition improvement if the clay is kept 
constant.82 Moreover, using the TGA it was confirmed that the actual clay loading was in fact 10 
wt% and that scCO2 does not remove any modifier during processing and/or depressurization.  
 
Table 16. TGA Summary: Temperature at 10%, 50% Weight Loss, Maximum Rate of Decompositions, and the 
percent residual mass at 600ºC (amount of char left in the nanocomposite). 
 
T10(oC) T50 (oC) MRD (ºC) 
Change in MRD 
Compared to PS 
(°C) 
% residual 
mass @ 
650ºC (%) 
PS280 395 418 422  0.4 
PS-10%10A-scCO2 395 433 435 13.0 9.85 
PS-10%10A-sol 394 433 439 17 9.62 
PS-10%93A-scCO2 396 435 433 11 10.01 
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Figure 58. TGA of 10wt% PS/Cloisite 10A and 93A nanocomposites. 
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Figure 59. TGA derivative curves for 10wt% PS/Cloisite 10A and 93A nanocomposites detailing the improvement 
in the maximum rate of decomposition of polymer due to nano-clay addition. 
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3.5.2d Effect of scCO2 processing pressure and processing time on the morphology and 
properties of the resulting nanocomposites 
Effect of processing time   
The effect of scCO2 processing pressure and processing time was investigated in an 
attempt to gain a better understating on the scCO2 processing method. The aim is to optimize the 
process in order to maximize nano – clay dispersion and/or nanocomposite properties. The X-ray 
diffraction again did not show any significant differences between any of the seven samples 
probed (figure not shown - however Figure 53 shows the final d001 spacing for the 24 hour and 
13.79 MPa nanocomposites which is the same as all the other samples). All samples displayed 
the same increase in the inner - gallery spacing from 0.92 nm to 2.85 nm. However, there is a 
47% improvement in low frequency storage modulus between the sample processed for 0.5 hours 
(PS-5%10A.5-scCO2) to those professed for 4 (PS-5%10A4-scCO2)  and 12 hours (PS-
5%10A12-scCO2). Moreover, the sample that was processed for 24 hours (PS-5%10A-scCO2) 
showed a 130% improvement in low frequency storage modulus compared to the sample 
processed for 0.5 hours (Figure 60). Using WAXD it was not possible to make a conclusion 
regarding the “true” dispersion state on the nanocomposites since it did not show any differences 
between samples when the same nano - clay was used. In the previous section the results from 
the rheological properties were use to investigate the nanocomposites morphology and/or the 
polymer-clay interactions. The higher the storage modulus was, the higher the level of nano - 
clay dispersion in that particulate nanocomposite if the same nano - clay was used.  Therefore, 
the sample that was processed for 0.5 hours it is expected to have a lower level of dispersion 
compared to the other nanocomposites as evident by the lower level of improvement in the 
storage modulus compare to PS. However, the dispersion in the 4, 12 and 24 hours processed 
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nanocomposites is expected to be similar since all showed comparable rheological properties. 
The results from the processing time study illustrated that the processing time does not play a 
significant role in improving the morphology of the nanocomposites and viscoelastic properties.  
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Figure 60. Storage modulus of 280k PS and PS/10A scCO2 nanocomposites processed at various 0.5, 4, 12 and 24 
hours. 
 
Effect of processing temperature and pressure 
The effect that the scCO2 processing pressure has on the resulting nanocomposites 
morphology has been investigated by processing three nanocomposites at various pressures 
(10.34MPa (PS-5%10Ay-scCO2), 13.79MPa (PS-5%10A-scCO2) and 27.58MPa (PS-5%10Az-
scCO2)) at 80ºC for 24 hours. The density of CO2 as a function of temperature at various 
pressures (diagram in Figure 61) shows that the CO2 density can be increased by increasing the 
processing pressure and lowering the processing temperature.  The WAXD did not show any 
differences between the three scCO2 processed samples with all displaying a d001 peak at 3.85 
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nm. However, rheological measurements did show some differences between the three samples. 
The nanocomposite that was processed at 10.34 MPa showed a 2.5 order of magnitude 
improvement in the low frequency storage modulus compared to pure PS (Figure 62) indicating 
that even when the sample is processed at the lowest pressure significant improvement in 
dispersion can be achieved. Moreover, when the processing pressure was instead increased to 
13.79 MPa the nanocomposites showed a further improvement in the storage modulus at all 
frequencies indicating that the polymer dynamics have been altered more, possible due to 
improved nano - clay dispersion in the PS-5%10A-scCO2 nanocomposite compared to the PS-
5%10Ay-scCO2 nanocomposite. If the processing pressure was doubled to 27.58 MPa, the 
nanocomposite (PS-5%10Az-scCO2) displayed a further improvement in rheological properties 
compared to the nanocomposites processed at 13.79 MPa (PS-5%10A-scCO2). This study 
revealed that the processing pressure does play a role in the resulting nanocomposite morphology 
as evident by the differences in the rheological measurements between the three nanocomposites 
studied. In the 5 wt% the 10A scCO2 the “pseudo” percolation threshold was attained and that 
the polymer - clay interaction play a key role in obtaining improved rheological measurements. 
Horsch et al. showed that as the processing pressure is increased the nano - clay (no polymer 
matrix present) displayed improved dispersion. 99 As the processing pressure was increased from 
10.34 to 27.58 MPa the tactoid size decreased and the number of individual platelets that are 
present in the nanocomposite increased, creating a larger surface area that can be available for 
polymer - clay interactions. The increase in the surface are that can be available for polymer - 
clay interactions led to improvements in the nanocomposite viscoelastic properties.  
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Figure 61. Carbon dioxide density as a function of temperature at various pressures.  
aTω(rad/s)(Tref = 140oC)
10-6 10-5 10-4 10-3 10-2 10-1 100 101 102
G
'
 
(d
yn
/c
m
2 )
102
103
104
105
106
107
PS280
PS-5%10Az-scCO2
PS-5%10A-scCO2
PS-5%10Ay-scCO2
 
Figure 62. Storage modulus of 280k PS and PS/10A scCO2 nanocomposites processed for 24 hours at 80ºC and 
10.34, 13.79 and 27.58 MPa. 
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Moreover, the processing temperature is supposed to have a bigger effect on CO2 density 
change than the pressure since the CO2 density increases more as the process temperature 
decreases than when the pressure increases (Figure 61). However, as the temperature decreases 
so does the polymer solubility in CO2 and/or solvent. The complete effect that temperature plays 
on the scCO2 processing of the PS/clay nanocomposites cannot be entirely predicted. However, 
the effect of temperature was not studied because at a temperature around 100ºC styrene 
inhibitor becomes less effective and the possibility of polymerization is increased.  Furthermore, 
when a low temperature is used the viscosity of the styrene/polystyrene/clay mixture would be 
higher than at 80ºC (the temperature that was used throughout the study) and in case of styrene 
polymerization the risk of the stirrer mechanism being damaged due to higher viscosity is 
increased (the motor that controls the stirring).  Therefore, the effect of temperature was not 
investigated in this study. A different study where the system will be in the melt state should be 
performed where the effect of temperature on the nanocomposite morphology can be studied 
more effectively (Chapter 5). 
3.6  Conclusions 
A series of dispersed polystyrene/clay nanocomposites were successfully created using a 
novel scCO2 process. The effects of several processing parameters were investigated 
(depressurization, scCO2 contact, filler concentration, nano - clay dispersion, processing pressure 
and time) on the resulting nanocomposites morphology and properties was investigated by 
several characterization methods in an attempt to gain a better understanding on the scCO2 
processing technique.  
It was shown that scCO2 processing of polymer - clay nanocomposites in the presence of 
a solvent significantly improved the dispersion state of the clay in the polymer matrix to a 
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magnitude that was relatively modifier independent.  When this was coupled with favorable clay 
-polymer interactions, significant property enhancements occurred. As a result of scCO2 
processing, nearly a 4-fold reduction in average tactoid size and a significant increase in 
dispersed single platelets leading to the formation of clay - clay networks and an increased 
surface area available for polymer - clay and polymer - clay modifier interactions was obtained. 
Despite Cloisite 93A’s lower interaction strength with the polymer matrix, the scCO2 process 
produced similar magnitude reduction in average tactoid size compared to favorably interacting 
Cloisite 15A and 10A.  It was also shown that significant dispersion, without strong polymer-
clay interactions (as in the case of PS/93A nanocomposites), was not sufficient for significant 
property improvement.  Conversely, strong interactions without significant dispersion also could 
not provide high levels of enhancements.  To maximize the viscoelastic and transport properties, 
a polymer - clay system with not only good clay dispersion but also good interactions and a 
processing technique, that produces high levels of dispersion (e.g. scCO2 processing) needs to be 
used.  Improvements as high as 3 orders of magnitude in the low frequency storage modulus 
were observed in nanocomposites processed with scCO2 that had favorable polymer - clay 
interactions (5wt% 10A and 15A) and only an order of magnitude when poor interaction were 
present (5wt% 93A).  Moreover, a significant reduction in oxygen permeability was observed 
when good polymer - clay interaction were present 45% (5wt% 10A) and 60% (5wt% 15A) and 
when poor interaction were present the reduction was only 6% (5wt% 93A).  The scCO2 
processed 5 wt% nanocomposites showed a reduction in oxygen properties of 20 to 50% 
compared to solution blended benchmark due to enhanced dispersion present in the scCO2 
processed nanocomposites.  
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Replacing “as received” clay with pre – dispersed clay led to a different, more richer 
morphology. Although, there were still platelets in tactoids form the amount of individual 
platelets has increased leading to an increase in the surface area for polymer - clay interaction. 
This in turn led to a further improvement in rheological properties and once again emphasized 
the positive effect clay dispersion has on the material properties of polystyrene.  
The presence of scCO2 alone during processing improved the polymer transport to the 
clay surface as evident in the enhancement in rheological measurements. However, when the 
polystyrene/10A system was rapidly depressurized, it led to an improved clay dispersion and 
further reinforcement of the matrix compared to slow depressurization, implying that clay 
platelets are effectively being dispersed by the dramatic CO2 expansion.  The scCO2 processing 
time did play a small role in enhancing nanocomposite morphology and rheological properties. 
However, there was only a small improvement from processing for 0.5 hours to 24 hours.  As the 
processing pressure was increased from 10.34 to 27.58 MPa, nano - clay dispersion was also 
increased. The increased surface area available for polymer - clay interactions led to 
improvements in the nanocomposite viscoelastic properties.  
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CHAPTER 4 
Role of Polymer-Clay Interactions and Nano-clay Dispersion on the 
Viscoelastic Response of Supercritical CO2 Dispersed Polyvinylmethylether 
(PVME)-Clay Nanocomposites 
 
Over the past decade, considerable effort has been put forth to understand the structure-
property relationships of polymer/clay nanocomposites. In particular, the linear viscoelastic 
response of polymer-clay nanocomposites has been extensively studied in order to understand 
the mechanical and rheological properties of these systems and elucidate how these properties 
relate to the type of microstructure/mesostructure formed. 63, 79, 100-102 In general, these 
investigations revealed that the principle of time-temperature superposition is obeyed with the 
temperature dependence of the frequency shift factor (aT) being independent of silicate loading 
and dispersion. Moreover, the mesoscale dispersion strongly impacts the low frequency 
viscoelastic behavior of the dynamic moduli and the low shear rate viscosity. Good dispersion 
typically results in a low frequency plateau in the storage modulus (G’) and diverging complex 
viscosity at low shear rates. The pseudo solid-like behavior has been attributed to a “so-called” 
percolated structure. 31   However, as Krishnamoorti and Giannelis demonstrated for example, a 
sufficient active interactions between the polymer (soft phase) and the clay (hard phase) is a 
necessary component for pseudo solid-like rheological behavior to be prevalent. 102 In some of 
their nanocomposites, the matrix polymers utilized were only lightly entangled yet a low 
frequency plateau was observed in G’ suggesting that entanglement is not a necessity for pseudo 
solid-like behavior to exist. We have recently reported the rheological response of dispersed 
PDMS/clay and PS/clay nanocomposites prepared by a novel supercritical CO2 (scCO2) 
processing method.  In these nanocomposites the pseudo solid-like low frequency response 
appeared dependent on the “effective” molecular weight of the polymer 59, 77. Our results suggest 
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that low molecular weight polymer chains may preferentially transport to the nano-clay surface 
because of their increased solubility in scCO2. As a result, the polymer chains interacting with 
the nano-clay surface are too short to form a network with the bulk polymer or other clay 
structures and liquid-like behavior is observed even when the nano-clay is highly dispersed. We 
have also seen pseudo solid-like behavior in PS based nanocomposites that have good 
interactions between the PS matrix and the nano-clay surface. 77, 103 In the case of the PS based 
nanocomposites the molecular weight of the polymer was 5000 g/mol, well below the 
entanglement molecular weight of PS, and as such the chains were not capable of forming a 
network between chains on the clay surface and the host matrix. Therefore, it appears that in the 
absence of good interactions, high molecular weight polymers may still be able to help sustain 
the mesoscale structure. In cases where good polymer-clay interactions exist, entanglement 
between chains on the clay surface and in the bulk may not be a necessary component to sustain 
the structure.  
 In this chapter, the role of polymer-clay interactions and filler dispersion on the linear 
viscoelastic response of scCO2 processed polymer clay nanocomposites is investigated. 
Polyvinylmethylether (PVME) was chosen as the host matrix for natural montmorillonite and 
three organophilic nano-clays. PVME appears to be highly swellable in scCO2 even at a 
molecular weight of 90,000 g/mol. In contrast to other scCO2-swellable polymers, such as PDMS 
and PS, PVME is hydrophilic, and may enable processing of even natural clay.  Natural 
montmorillonite was chosen as a reference for the strength of the polymer-filler interactions 
because it has weak interactions with PVME.  Poly(ethylene oxide) (PEO) was also used as the 
host matrix for natural montmorillonite to compare the extent of PEO-filler interactions with that 
of PVME-filler interactions.   In contrast, the organophilic clays used in this study may have 
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varying degrees of interactions with the host matrix, in addition to having different clay 
dispersions upon scCO2 processing. Specifically, Cloisite 30B (methyl tallow bis-2-hydroxyethyl 
ammonium salt) may form a hydrogen bond between the host matrix and the surfactant, and 
Nanomer I.30P (trimethyl hydrogenated tallow ammonium salt) has a moderate loading of alkyl 
groups, thereby altering the extent of the polymer-clay interactions in each system. The scCO2 
processed nanocomposites were contrasted with a highly dispersed (disordered) Cloisite 
Na+/PVME nanocomposite produced from a solution cast/freeze drying method, with water as a 
solvent. As a result of the selected processing conditions, the nanocomposites produced via the 
scCO2 method had intercalated or disordered intercalated morphologies.  
The rheological response of the partially exfoliated Cloisite Na+/PVME nanocomposite is 
compared with the response of the intercalated Cloisite Na+/PVME nanocomposite to understand 
the role of clay structure on the linear viscoelasticity of “weakly-interacting” polymer/clay 
nanocomposites. The rheological response of Cloisite Na+/PEO was compared to that of Cloisite 
Na+/PVME to understand the role of polymer – clay interactions in the two nanocomposites and 
demonstrate that in the case of PVME/Na+ system there are weak interactions present.  And, the 
viscoelastic response of intercalated organophilic clay-PVME nanocomposites is compared to 
the intercalated “weakly-interacting system” to determine the impact of specific polymer-clay 
interactions. The molecular weight of the polydispersed PVME used in this study is 90,000 
g/mol, which has ~ 13  entanglements per chain and should be of sufficient chain length to create 
a network between polymer chains near the clay surface, the bulk polymer, and the mesoscale 
structure (PVME has an entanglement molecular weight of 6450 g/mol 104). In addition, all the 
nanocomposites had a nano-clay loading of 15 wt% to ensure that a percolated structure could 
form even if the nanocomposites were intercalated. The existence of a "so-called" percolated 
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structure allows probing the role of polymer-clay interactions on the ability to sustain this nano-
clay network under deformation. 
 
4.1 Materials 
In this study Cloisite 30B and Na+ and Nanocor I.30P nano-clays were used. The 
composition and physical properties of the clays are summarized in Table 17. The PVME used in 
this research was purchased from Scientific Polymer Product Inc. The polydispersed PVME used 
had a weight average molecular weight of 90,000 g/mol (density of 1.05 g/ml at 20○C) and was 
shipped in water. Before nanocomposite preparation, the PVME was cooled to -25○C and placed 
in a freeze dryer for 4 days to remove the water. The polymer was then dissolved in toluene and 
filtered to remove any impurities. The toluene was removed in a vacuum oven operated at 80○C 
for 2 weeks. The PEO used in this study had a molecular weight of 100,000 g/mol and was 
purchased from Scientific Polymer Product Inc. 
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Table 17. Nano-clay surfactant composition, basal spacing, and platelet density, as reported by supplier. T  is 
Tallow (~65% C18; ~30% C16; ~5% C14) and HT-Hydrogenated Tallow (~65wt% C18; ~30wt% C16; 
~5wt% C14). 
 
 
 
 
 
 
 
 
4.2 Methods of characterization 
4.2.1 Wide-angle X-ray diffraction  
 WAXD was used to determine the inter-gallery spacing of the neat clay and the clay in the 
polymer-clay nanocomposites. The d001 spacing was determined using the JADE software 
accompanying the diffractometer. The inter-gallery spacing was calculated by subtracting 1 nm 
(platelet thickness) from the d001 spacing. All data were collected using a Rigaku Rotaflex 
Powder Diffractometer with a CuKα X-ray source (λ=1.54 Ǻ) and an accelerating voltage of 40 
kV at a current of 150 mA. To perform scans, samples were placed in a custom made zero 
background quartz sample-holder that is 0.9 mm in depth.  Diffraction data was collected from 1 
to 10 degrees 2 theta at a step size of 0.03 degrees and at a rate of 0.3 degrees/minute. XRD was 
collected before and after performing melt rheological measurements to assure that that no 
changes are taking place during rheological measurements.  
 
Nanoclay Name Organic Modifier  d001 Spacing (nm) Density (g/ml) 
Cloisite Na+ None 1.2 2.86 
 
Cloisite 30B 
 
 
1.85 
 
1.98 
 
I.30P 
 
 
    2.25 
 
1.71 
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4.2.2 Rheology 
 Melt rheological measurements were performed under oscillatory shear using an RSA II 
rheometer (shear sandwich geometry 15.98 x 12.7 x 0.55 mm3). Measurements were carried out 
at temperatures of 30, 55, and 800C for PVME and 80ºC and 100ºC for PEO; and the data were 
time-temperature superimposed by using a frequency shift factor (aT). The experimental shear 
frequency range was 0.01 ≤ ω ≤ 100 rad s-1 for all samples. The samples were loaded, 
compressed and allowed to equilibrate for 1 hr at the desired temperature. Linear viscoelastic 
measurements were made at low strains (γo < 0.07) and strain sweeps were performed to ensure 
the dynamic moduli were independent of the strains utilized. Each set of rheological 
measurements took about 10 hours and after the first set was completed a second set of 
measurements were carried out the following day to check results reproducibility.   
4.2.3 Thermogravimetric analysis  
 TGA of the nanocomposites was performed on a Perkin-Elmer Pyris 1 instrument. 
Measurements were done in a nitrogen atmosphere and at a heating rate of 10oC min-1 over a 
temperature range of 50oC to 550oC. The sample was loaded at 20oC and raised to 50oC over a 
period of 10 minutes. The sample was allowed to equilibrate for an additional 10 minutes at 50oC 
prior to starting the temperature ramp test. 
4.3  Nanocomposite formation 
The scCO2 processing method exposes the polymer nano-clay mixtures to CO2 in a high 
pressure vessel; the system is then raised above the critical point for CO2 and the material is 
allowed to soak for an appropriate time; the system is then rapidly depressurized to atmospheric 
pressure. A preliminary hypothesis for the mechanism is: during the soak step, under the selected 
processing conditions, the mixture of the CO2 and polymer diffuses between the clay layers. The 
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high diffusivity and low viscosity of the CO2-philic polymer in the mixture enable clay layer 
penetration. During depressurization, expansion of the scCO2 between the layers pushes them 
apart resulting in delaminated or intercalated nanocomposites. When the CO2 is completely 
removed the organic material remains between the layers, coating the surfaces of the layers, 
exposing the host matrix to the large available surface area of the nano-clays. 59, 77, 105 
4.3.1 Nanocomposite formation using the scCO2 processing technique 
Three PVME/clay nanocomposites were formed via scCO2 processing: 15 wt% Cloisite 
Na+ (15-NA), 15 wt% Cloisite 30B (15-30B), and 15 wt% I.30P (15-I.30P). Also, a 15 wt% 
Cloisite Na+/PEO nanocomposite was processed via scCO2 processing. The nanocomposites 
were formed by mechanically mixing the nano-clay with PVME or PEO and then processing the 
mixture in scCO2, under quiescent conditions, for 24 hrs at a temperature of 75oC and a pressure 
of 13.78 MPa. The system was then rapidly depressurized to atmospheric pressure. The high 
loadings of nano-clay were to insure a percolated structure was possible even if the 
nanocomposite was intercalated rather than exfoliated. 
4.3.2  Nanocomposite Formation using the solution cast freeze drying method 
 A natural montmorillonite/PVME nanocomposite (15NA-S) was formed by mixing 1 g of 
Cloisite Na+ with 500 ml of distilled water in a sealed container. The mixture of clay and water 
were vigorously mixed for 96 hrs at which time 5.7 g of PVME was added. The mixture was 
stirred for an additional 48 hrs, rapidly frozen with liquid nitrogen and kept in a freezer at -30oC 
for 12 hrs. The frozen mixture was placed in a freeze dryer for 14 days to remove the water. 
Immobilizing the exfoliated nano-clay platelets in a polymer matrix via freezing the mixture 
prevented the nano-clay platelets from re-organizing into tactoids during the removal of the 
solvent. 
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4.4. Nanocomposite characterization 
4.4.1 Determination of clay mass fraction in organophilic nano-clays 
The organophilic nano-clays consist of platelets and organically modified ammonium 
salts. In determining the percolation threshold for the nano-clay it is necessary to know the mass 
fraction of clay because only the clay plays a role in the creating the percolated network. In order 
to determine the mass fraction for a particular nano-clay, TGA analysis was performed. Analysis 
was performed on all the organophilic nano-clays and sodium montmorillonite. The natural clay 
was tested to ensure that the clay itself did not decompose and skew the results of the TGA 
analysis. Further, the testing was performed in the absence of polymer to guarantee that the 
weight loss was only due to the ammonium salt modifier on the clay surface. Cloisite Na+, 30B, 
and Nanocor I.30P retained 94%, 76% and 68% of their total mass respectively (Figure 63). The 
actual loading of clay in 15-30B, and 15-I.30P samples is 11.4 wt%, 10.35 wt% respectively, and 
the loading for samples 15-NA and 15NA-S is 14.1 wt%. The 6% reduction in weight of the 
Cloisite Na+ was attributed to evaporation of water and the weight losses in the organophilic 
clays was attributed entirely to loss of organic modifier. The actual weight fraction of clay 
ranged from 10.35 – 14.1 wt%, which is still well above the theoretical reported value of 4 – 7 
wt% (1.4 – 2.7 vol% - depending on the clay used and its density)  needed for percolation to 
occur. 31 Assuming that the inorganic clay layers have the density of the unmodified nano-clay 
matter (2.86 g/cm3 for Cloisite series and 2.6 g/cm3 for) both Cloisite 30B and Nanocor I.30P 
nanocomposites contain 4vol% of inorganic matter.  Cloisite Na+ nanocomposites contain 5 
vol% of inorganic matter. The percolation threshold depends on the morphology of the clay 
(aggregates, self-assembly, interlaced, exfoliated, or any combination of these) and it can occur 
above or below the theoretical value. However, in this study the samples are well above the 
132 
 
 
theoretical threshold and it is reasonable to assume that the nano-clays have formed a “so-called” 
percolated network.  
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Figure 63. TGA analysis of pure nano-clays, Cloisite Na+, Cloisite 30B and Nanocor I.30P, The 6% reduction in 
weight of Cloisite Na+ is attributed to the evaporation of water.  
 
4.4.2 Role of substantial nano-clay dispersion with ‘weak’ polymer-clay interactions 
In this section, the role of substantial nano-clay dispersion on the linear viscoelastic 
response in systems where only “weak polymer-clay interactions” are present was investigated. 
In order to achieve this goal we have prepared two PVME/Cloisite Na+ nanocomposites. In one 
of the samples Cloisite Na+ was intercalated with PVME via scCO2 processing (sample 15-NA) 
and the other was highly dispersed in PVME via a solution cast freeze drying method using 
water as a solvent (sample 15NA-S). The nano-clay, Cloisite Na+, was chosen for two reasons: 
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(1) it swells and disperses in water (the use of a high concentration water-PVME-clay solution, 
and the subsequent freeze drying is expected to largely prevent clay-reaggregation), and (2) there 
are no oligomeric modifiers to form solvent/solute interactions, hydrogen bonds, or any other 
specific interactions with the host PVME. Therefore, these two samples are used to clarify the 
role of dispersion on the linear viscoelasticity of “weakly interacting” polymer clay systems as 
well as providing a reference point for the polymer-filler interactions. Also, we have prepared an 
intercalated Cloisite Na+/PEO nanocomposite using scCO2 technique to attempt to compare the 
extent of polymer/clay interactions in the scCO2 processed Cloisite Na+/PVME.  
PVME versus PEO:  
WAXD was used to determine the nano-clay morphology in the host PVME and PEO 
polymer (Figure 20 and Figure 65). In contrast to the organophilic clays (to be discussed later in 
section 3.1) the Cloisite Na+/PVME sample (15-NA) displayed a low intensity, poorly-defined 
d001 diffraction peak and an absence of higher order peaks. Tactoid size could not be determined 
for this sample using the Scherrer equation because the diffraction peak did not resemble a 
Gaussian distribution and the intensity was too low. The diffraction patterned for this 
nanocomposite was collected again with at a slower rate 0.1 degrees/ min in an attempt to obtain 
a better peak, but no significant changes in the diffraction pattern were observed. One possible 
explanation for the low intensity peak is that the inter-gallery spacing of the Cloisite Na+ in 
sample 15-NA achieved a similar equilibrium spacing as the organo-philic nano-clays resulting 
in weak parallel registry of the clay platelets. If the platelets are not parallel and one side/end is 
more open than the opposite, the inter-gallery spacing (d001) couldn’t be determined since the 
spacing varies from one end to the other and WAXD is not sensitive to this morphology. This 
expansion correlates to more than an order of magnitude increase in the inter-gallery spacing of 
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Cloisite Na+ (~ 0.2 nm to ~ 2.6 nm). Since the clay platelets are held together by van der Waals 
forces, Lennard - Jones potential is often used to model such forces and the attractive force 
scales inversely with the distance between attractive particles to the 6th power. 25 Therefore, the 
attractive forces decrease exponentially as the platelet distance increases. Further, in the case of 
Cloisite Na+, there are no oligomeric modifiers on the surface that can assist in stabilizing the 
parallel registry of the platelets at large distances. 
A distinctive difference between the scCO2 processed Na+/PEO nanocomposite and the 
scCO2 processed Na+/PVME nanocomposite is the smaller final inter-gallery spacing of 1.9 nm 
for the PEO sample compared to 2.6 nm for the PVME sample (15-NA). Although, both scCO2 
nanocomposites are intercalated, the smaller final spacing may indicates that a smaller amount of 
polymer may have penetrated the inter-gallery spacing of the Cloisite Na+/PEO nanocomposite. 
There might be some polymer that has been intercalated in interstitial spacing of the clay layers; 
however this could be the possibility in all the nanocomposites and it’s believed that it does not 
play a big role in the final results.  
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Figure 64. WAXD of PVME/Na+ samples 15-NA, 15NA-S, and as received Cloisite Na+. 
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Figure 65. WAXD of sample Cloisite Na+/PEO reveals the sample is intercalated as evident by the significant 
shifting of the d001 diffraction peak and the presence of higher order peaks (d002). 
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Despite showing a much smaller final inter-gallery spacing compared to 15wt% Cloisite 
Na+/PVME nanocomposite, the 15wt% Cloisite Na+/PEO nanocomposite shows an 
approximately 2500% improvement in G’ at low frequencies over pure PEO along with a low 
frequency plateau (Figure 67). In contrast, the Cloisite Na+/PVME only shows a 100% 
improvement in G’ at low frequencies and does not display a low frequency plateau in the 
frequency range tested. Since the extent of dispersion is higher in the Cloisite Na+/PVME 
nanocomposite (based on WAXD), the lack of a substantial improvement in the low-frequency 
moduli (compared to PEO system), suggests that the extent of interactions between Cloisite Na+ 
and PVME is ‘weak’, at least relative to that of PEO. Furthermore, the intercalated Cloisite 
Na+/PEO nanocomposite shows ’comparable’ improvements in G’ at low frequencies compared 
with the “highly dispersed” 15-NA-S sample, further supporting the claim that the level of 
interactions between PEO and Cloisite Na+ are stronger than in the case of PVME and Na+. 
Pandey and Farmer showed that in the presence of repulsive polymer matrix clay layers exfoliate 
and in the presence of attractive polymer matrix, clay platelets intercalate 78. Their findings 
further support our WAXD and rheological observations. Strawhecker and Manias indicated that 
there are strong specific interactions between the ether oxygens and the sodium interlayer cations 
between PEO and Cloisite Na+.106 PVME is a water-soluble polymer, with a sub-ambient glass 
transitions temperatures and very similar solubility parameters like PEO with one ether linkage 
per repeating unit. While PVME is unable to crystallize as PEO can, these polymers are 
otherwise quite similar. Therefore, it is expected that PVME will have some interactions with the 
sodium ions present in-between the layers of Cloisite Na+. However, in Na+/PVME sample these 
interactions are very weak compared to Na+/PEO sample as evident from the significant 
differences in the rheological behavior between the two nanocomposites (Figure 66 and Figure 
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67), despite a larger inter-gallery spacing in the PVME nanocomposite compared to the PEO 
sample (Figure 64 and Figure 65). Therefore, we will refer to the Cloisite Na+/PVME samples as 
“weakly interacting” as a basis of comparing them to other organically modified clay/PVME 
samples which can exhibit other more favorable interactions.  
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Figure 66. Storage and loss moduli for PEO and PEO/15wt% Cloisite Na+ nanocomposite with a reference 
temperature of 80ºC. 
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Figure 67.  Storage and loss moduli for PVME and PVME 15wt% Cloisite Na+ nanocomposite with a reference 
temperature of 80ºC for comparison with the PEO nanocomposites. 
 
PVME – highly dispersed versus scCO2-processed 
A key difference between the scCO2 processed samples and the freeze dried sample is the 
absence of a coherent diffraction peak for freeze-dried sample 15NA-S (Figure 64). The lack of a 
d001 diffraction peak in this sample is indicative of a “highly dispersed” nanocomposite. This is 
expected because Cloisite Na+ swells and dissociates in water. The presence of the polymer in a 
viscous water solution, and the subsequent lyophilization would be expected to reduce the re-
aggregation of some of the clay platelets that is usually seen in solution blending. Although a 
disappearance of the peak in XRD does not alone indicate exfoliation, the clay loading in the 
sample is high enough (3 times higher than that needed to produce a coherent diffraction peak) to 
ensure that WAXD provides an adequate representation of the clay morphology. Morgan et. al 
showed at silicate loadings of less than 5 wt%, coherent diffraction patterns were not always 
present.107 The absence of a diffraction peak was further corroborated by additional 
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measurements on different regions of the sample which readily superposed onto the reported 
diffraction data. Therefore, we fully expect that sample 15NA-S is a highly dispersed 
nanocomposite. It is worth noting that WAXD data collected from different regions of the 
intercalated Cloisite Na+ based nanocomposite (15-NA) and other similar samples, not otherwise 
discussed in this paper, always resulted in a small but perceivable diffraction peak. This suggests 
that at these filler loadings it is unlikely that a significant decrease in parallel registry alone could 
account for the lack of a diffraction peak from sample 15NA-S but rather the platelets are 
separated beyond the small angle limit of WAXD. 
Linear viscoelastic measurements of the intercalated “weakly-interacting” scCO2-
processed nanocomposite (sample 15-NA) show a 100% increase in G’ near the plateau region 
and the terminal region (Figure 68). The frequency dependence of the dynamic moduli is similar 
to that of pure PVME. The crossover frequency (Figure 70) of the intercalated scCO2-processed 
sample is factor of 2 lower than that of pure PVME. Even though this is a filled system, with a 
spectrum of relaxation times, the small change in the matrix chain crossover frequency suggests 
that the chain relaxation may not have been significant altered by the clay. This could be a 
consequence of weaker polymer-clay interactions and relatively poor dispersion.  
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Figure 68. Storage and loss moduli for PVME and 15-NA nanocomposite (frequency shift factors shown as inlays).  
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Figure 69. Storage and loss moduli for PVME and 15NA-S nanocomposite (frequency shift factors shown as an 
inlay).  
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Conversely, the frequency dependence of the highly dispersed “weakly interacting” 
nanocomposite (sample 15NA-S) is distinctly different from that of the host matrix (Figure 69). 
The dynamic moduli for the highly dispersed nanocomposite do not exhibit terminal relaxation 
behavior like the host matrix or the intercalated nanocomposite. G’ and G” are more than an 
order of magnitude higher, at low frequencies, than the neat matrix. The 15NA-S 
nanocomposites exhibits non-terminal behavior with G’ α ω0.8 and G” α ω0.7 rather than G’ α ω2 
and G” α ω which may be due to the pseudo-solid network form by the presence of the dispersed 
nano-clay. The cross-over frequency for the highly dispersed nanocomposite is also significantly 
decreased relative to the host matrix (~ factor of 7). When looking at a log-log plot of the 
dynamic moduli vs. frequency, the G’ and G” curves of the partially exfoliated “weakly-
interacting” hybrid display an extended region where their values are very close, which makes it 
difficult to see the cross-over frequency. In order to clarify the cross-over frequency shifts, the 
dynamic moduli for the neat polymer and the hybrids are plotted on a log-linear graph, which 
clearly reveals the cross-over points of the two nanocomposites relative to the neat PVME. The 
temperature dependence of the frequency shift factors (aT) for intercalated “weakly-interacting” 
and partially exfoliated “weakly-interacting” hybrids appear unaltered by the silicate loading and 
the degree of dispersion suggesting that the temperature dependent segmental relaxation 
dynamics are unaffected by the presence of the silicate (shift factor plots can be seen as inlays in 
the plots of dynamic moduli). This behavior has been well documented for many 
nanocomposites and is attributed to the small percentage of polymer chains that are constrained 
by the silicate surface 31. Interestingly, the global relaxation dynamics of the polymer chains 
appear to be sensitive to the degree of silicate dispersion as noted by the significant change in 
characteristic relaxation time (~ 2π/ωx) of the nanocomposites relative to the polymer. The 
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characteristic relaxation time of the intercalated nanocomposite is ~ 16 sec compared with ~ 8 
sec for the neat polymer matrix. The partially exfoliated nanocomposite has a characteristic 
relaxation time of ~ 52 sec. Chain dynamics of polymer confined by dispersed nano-clay 
platelets may deviate significantly from that in their one-component melt. Polymer-clay and 
clay-clay interactions add further complexity by introducing multi-scale relaxation processes. 
For example, when clay dispersion is significant, there can be appreciable interactions between 
the clay and the polymer, thereby contribution slower relaxation modes, which lower the 
‘overall’ terminal relaxation times. In contrast, when there is poor dispersion, the polymer-clay 
contacts are diminished, with the matrix polymer relaxation mainly unaltered. In our system, the 
differences in the cross-over frequency may provide insights into the degree of silicate 
dispersion. The cross-over frequency of the partially exfoliated nanocomposite is much lower 
than that of the intercalated nanocomposite, most likely the result of higher exposed surface area 
in the case of the partially exfoliated sample, slowing down the ‘mean terminal relaxation’ of the 
polymer chains. 
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Figure 70. Log-linear plot of dynamic moduli vs. reduced frequency to more clearly show the cross-over frequency 
of the neat PVME, 15NA and 15NA-S. 
 
In addition to changes in G’ and G”, the complex viscosity also exhibits significantly 
different behavior as a function of dispersion (Figure 71). The intercalated sample (15-NA) has ~ 
150% increase in “complex” zero-shear viscosity and displays Newtonian-like behavior at low 
frequencies like the neat polymer. At the lowest frequencies measured, the highly dispersed 
sample (15NA-S) has ~ 1000% increase in viscosity relative to the host matrix and exhibits shear 
thinning behavior at all shear rates measured. Although, G’ and G” of the highly dispersed 
sample never becomes independent of frequency, and the zero-shear viscosity does not diverge, 
it is clear that dispersion still plays a key role in the viscoelastic response of “weakly-interacting” 
polymer silicate nanocomposites.  
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Figure 71. Complex viscosity of the neat PVME, 15NA and 15NA-S. 
 
4.4.3 Role of polymer-clay interactions with comparable levels of intercalation  
In the previous section the impact of nano - clay dispersion on the melt rheological 
properties of nanocomposites when “weakly-interacting” PVME-clay nanocomposites are either 
‘highly dispersed’ or ‘intercalated’ was described. In this section the role of polymer-clay 
interactions on the viscoelastic response of a series of PVME organo-clay nanocomposites using 
three intercalated organophilic clay/PVME nanocomposites prepared via scCO2 processing 
[Cloisite 30B (sample 15-30B), and I.30P (sample 15-I.30P)], is investigated. The extent of 
polymer-clay interactions could vary with each of the organically modified clays. Cloisite 30B is 
expected to form hydrogen bonds with PVME. All the nanocomposites discussed in this section 
were made via the scCO2 process and as a result of the selected processing conditions are 
intercalated. 
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The presence of hydrogen bonds in sample 15-30B was studied using FTIR spectroscopy 
(Figure 72). IR spectroscopy of Cloisite 30B shows a small OH stretching peak at 3650 cm-1.No 
OH stretching peak is present in the pure PVME or clay). The nanocomposite displays two 
distinct peaks in the region for OH stretching, the one at 3650 cm-1 are free hydroxyl groups and 
the peak at 3350 cm-1 are hydroxyl groups which have formed weak hydrogen bonds with the 
PVME (Figure 72c). The proposed hydrogen bond may be between the surfactant and the PVME 
(Figure 72d) not directly with the surface of the nano-clay as is the case with polyamide-6 
nanocomposites. The hydrogen bonds are considered weak because the shift in wave number 
relative to the wave number of the free hydroxyl group is less than 500 cm-1. The FTIR spectra 
of the other polymer-clay systems did not show the presence of any additional peaks other than 
these from PVME and clay. It is difficult to quantify hydrogen bonding interactions in these 
complex systems. The detailed characterization is beyond the scope of the manuscript. The 
difference in the FTIR spectral signatures between the different clays, may be indicative of 
hydrogen bonding, as used before by others. 108, 109 
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Figure 72 (a) FTIR spectroscopy of Cloisite 30B shows free hydroxyl group stretch (peak 3650 cm-1). (b) FTIR 
spectroscopy of PVME shows the absence of an intermolecular hydrogen bond peak (3350 cm-1). (c) FTIR 
spectroscopy of sample 15-30B has an intermolecular hydrogen bond peak (3350 cm-1). (d) Proposed hydrogen bond 
between surfactant and PVME. 
 
The inter-gallery spacing of I.30P (sample 15-I.30P) and Cloisite 30B (sample 15-30B) in 
PVME was determined to be 2.7 and 2.4 nm respectively (Figure 73 and Figure 74). These inter-
gallery spaces represent an increase of 1.2 nm for I.30P and 1.55 nm for Cloisite 30B. This 
increasing in spacing may be a strong indication that polymer has penetrated the space between 
the clay platelets. In addition to a decrease in the Bragg angle, indicated by the increase in the 
basal spacing, diffraction patterns from the nanocomposites formed from the organically 
modified clays (samples 15-30B, and 15-I.30P) exhibited changes in peak profile compared with 
the “as-received” clay. Specifically, the peak breadth at full-width half maximum “B” decreased 
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in the nanocomposites relative to their corresponding as-received nano-clay. The decrease in 
peak breadth is expected with intercalated nano-clays because the clay galleries expand, resulting 
in an increase in the overall tactoid size (height). Previous research shows that small crystal sizes 
give broad diffraction patterns and larger crystals have narrower patterns.110 The shape and width 
of the diffraction patterns were analyzed to provide a rough approximation of the tactoid size. 
Because the diffraction patterns produced by the organo-philic nanocomposites were Gaussian in 
nature we employed the Scherrer Equation to determine the average tactoid thickness. 
 
Table 18 The first entry in each column refers to the nanocomposite and the second, in parenthesis, 
refers to the as-received nano-clay corresponding to a particular nanocomposite. n/a appears where no 
diffraction pattern was observed or the pattern did not resemble a Gaussian distribution. 
 
t
λ
B cosθB⋅
:=
 
 
From the average tactoid thickness we determined the average number of platelets per 
tactoid using the following equation: 
Name B (rad) d001 (nm) # platelets /tactoid 2θB (deg) 
15-30B (30B) 0.022 (0.025) 3.4  (1.85) 3 (4) 2.59 (4.78) 
15-NA (Na+) n/a 3.6  (1.2) n/a 2.45 (7.1) 
15-I.30P (I.30P) 0.011 (0.034) 3.7  (2.5) 5 (3) 2.5 (3.5) 
15NA-S (Na+) n/a n/a  (1.2) n/a n/a (7.1) 
Cloisite Na+/PEO 0.024 (0.035) 1.9 (1.2) 3 (3) 4.69 (7.1) 
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Where t is the tactoid thickness determined from the Scherrer equation, 10 is the 
thickness of a platelet in angstroms, d001 is the basal spacing of the nano-clay, and η is the 
number of platelets rounded to the next integer (see justification in appendix A).  The Scherrer 
equation predicted the minimum average number of platelets per tactoid as 3-5 for the Na+ 
nanocomposites (Table 18). The values obtained from the Scherrer equation are underestimated 
since the correction for equipment broadening is not used in the calculations. Also, the shape of 
the clay particles is not truly spherical and the Scherrer equation can only provided a rough 
estimate of the tactoid size. The presence of 3 diffraction peaks in some of the samples further 
supports the existence of larger structures because tens of plates are needed to obtain well 
defined higher order diffraction patterns. 111 The values calculated via the Scherrer equation 
agree well with literature.  31  
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Figure 73. WAXD of “as received” 30B and sample 15-30B. 
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Figure 74. WAXD of  “as received” I.30P and sample 15-I.30P. 
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Even though the WAXD measured d-spacing in I.30P and 30B intercalated 
nanocomposites are somewhat similar they have the same volume fraction of inorganic nano-
clay (4vol%) which is important when comparing the viscoelastic properties of nanocomposites, 
rheology shows significant difference.  The dynamic moduli for the samples are compared in 
three regions: below the cross-over frequency (terminal region), above the cross-over frequency 
(plateau region), and at the cross-over frequency. 
PVME-30B nanocomposite 
G’ of the hydrogen bonded nanocomposite (sample 15-30B) was increased by 150% in 
the plateau region and more than an order of magnitude in the terminal region (Figure 75). At 
low frequencies, sample 15-30B displays distinctly non-terminal behavior  with G’ α ω0.5 and G” 
α ω0.7. This non-terminal behavior is also apparent in the complex viscosity, which exhibits shear 
thinning behavior over the entire frequency range with a trend toward diverging viscosity at the 
lowest shear rates measured (Figure 76). The cross-over frequency of sample 15-30B is reduced 
by ~ a factor of 4 relative to the host matrix. To verify that the change in cross-over frequency 
was indeed the result of changes in relaxation time and not a manifestation of time temperature 
superposition, the frequency shift factors of the nanocomposite and the neat matrix were 
compared. The frequency shift factors for the nanocomposite are nearly identical to that of pure 
PVME. This suggests that local (segmental) chain dynamics of the intercalated nanocomposite 
are unaltered, at least within the sensitivity of the measurement and that the polymer chains do 
not form hydrogen bonds directly with the silicate surface as is the case in many polyamide-6 
nanocomposites. 36 Furthermore, it shows that the global chain dynamics have been impacted by 
the presences of the nano-clay in the PVME.  
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Figure 75. Log Storage and loss moduli for PVME and 15-30Bnanocomposite (frequency shift factors shown as an 
inlay).  
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Figure 76. Complex viscosity vs. reduced frequency for sample 15-30B diverges at low frequencies. 
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PVME-I.30P nanocomposite 
    The storage modulus of scCO2 processed 15-I.30P sample increases by ~ 100% in the 
plateau region. Furthermore, 15-I.30P exhibits no terminal behavior (G’ α ω0.5 and G” α ω0.6) and 
is nearly 2 orders of magnitude larger than the neat PVME in the terminal region (Figure 77). 
The cross-over frequency shifts by an order of magnitude relative to the neat PVME and the 
characteristic relaxation time increases from ~ 8 s to ~ 78 s. The frequency shift factors for 
sample 15-I.30P are nearly identical to the neat polymer suggesting that the change in cross-over 
frequency was indeed the result of changes in relaxation time. The pseudo solid-like behavior 
seen in G’ of sample 15-I.30P is also observed in the complex viscosity at low shear rates where 
the viscosity diverges with shear thinning behavior prevalent thought the whole frequency 
spectrum  (Figure 78). The cross-over frequency shift of sample 15-I.30P is much greater than 
that of sample 15-NA, suggesting that the relaxation dynamics of the polymer chain may be 
significantly impacted by the strength of the polymer-clay interactions. In addition, longer 
relaxation events are also affected by the strength of the polymer-clay interactions as evident by 
the non-terminal behavior in sample 15-I.30P and the terminal behavior seen in sample 15-NA.  
Samples 15-30B and 15-I.30P displayed qualitatively similar rheological behavior with 
15-I.30P nanocomposite showing more low-frequency enhancement than that of sample 15-30B. 
The viscosity of sample 15-I.30P increases by ~ 2 orders of magnitude and that of sample 15-
30B increases by ~ 1.5 orders of magnitude. The extent of intercalation is expected to be similar 
between these samples because the inter-gallery spacing is similar in each of the nano-clays with 
both reaching a new equilibrium spacing within 20% of each other. Therefore, both samples are 
expected to be highly intercalated. The reason for the large disparity in cross-over frequencies of 
the two samples is not clear. This may be the result of a slightly higher degree of intercalation in 
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sample 15-I.30P but is more likely the result of how the polymer interacts with the clay.  
Nanocor I.30P has an average higher aspect ratio of 350 (Nanocor) while Cloisite 30B has an 
average aspect ratio of 110 (Southern Clay Products). With 4vol% and 350 average aspect ratio, 
Nanocor I.30P nanocomposite there are ~ 416 platelets/µm3 which leads to a maximum nano-
clay surface area of ~ 81 m²/cm³ of nanocomposite. In the case of Cloisite 30B the 4vol% and 
110 average aspect ratio there are ~ 4346 platelets/µm3 which leads to a maximum nano-clay 
surface area of ~ 84 m²/cm³ of nanocomposite. The viscoelastic response depends strongly on the 
volume fraction of inorganic platelets, the dispersion state, and the level of interactions between 
polymer and clay and also between the clay platelets themselves. The clay platelets interaction is 
in the form of clay platelet edge-to-face interactions and it results in the  formation of a so-called 
“house of cards” structure, which is generally recognized to be the primarily culprit for the 
increase in G’ at low shear rates (the structure breaks up at higher shear rates). However since 
both samples contains the same volume fraction of inorganic matte, we believe that the clay-clay 
interactions should play a big role in the rheological differences between the two 
nanocomposites. Both samples have the same volume fraction of inorganic nano-clay and similar 
maximum surface areas available for polymer-clay interactions; however the Nanocor I.30P 
nanocomposite shows improved rheological properties compared to Cloisite 30B 
nanocomposites. This suggests that PVME can interact with and coat Nanocor I30P to a greater 
extent compared to Cloisite 30B, which we believe may be responsible for the differences in the 
viscoelastic properties between 15-I.30P and 15-30B. Also, since the I.30P average aspect ratio 
is higher than 30B could be another explanation of why 15-I.30P nanocomposite shows 
improvements in viscoelastic properties over 15-30B nanocomposite. Higher aspect ratio platelet 
results in a more effective load transfer and is observed to give greater increases in G’. This 
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phenomenon was also observed in fiber composites if the critical fiber length in short 112.  
Sample 15-30B  still displays significant improvement in viscoelastic properties over the 
polymer matrix which  suggests that hydrogen bonding between the ammonium salt and the 
PVME (Figure 72d) may play role in the overall viscoelastic response of sample 15-30B. 
Comparison of samples 15-I.30P and 15-30B with sample 15-NA, strongly suggests that the 
extent of interactions between the clay and the polymer plays a key role in the linear viscoelastic 
response of these nanocomposites. Another plausible explanation for the differences in the 
viscoelastic response between these system is that 15-NA contains slightly higher volume of 
inorganic mater (5vol%) compared to 15-30B and 15-I.30P (4vol%) which can increase the 
parallel stacking of the layers and / or agglomerate formation. The increase in the parallel 
stacking disfavor edge-to-face interactions because there is physically no room for such 
interactions to occur and more faces become inaccessible to the layer edges. This, in turn, would 
be expected to suppress the formation of a strongly interacting filler network, which can be a 
plausible explanation for the less improvement in G’ in the (higher inorganic content) Na+ 
system vs. the (lower inorganic content) 30B and I.30P systems. However, the differences in 
volume loading of inorganic matter are small and we believe that it doesn’t impact the 
rheological response to a great extent. Furthermore, Cloisite Na+ contains no organic modifier 
while 30B and I.30B both do and the interactions between PVME and the organically modified 
clay are expected to be stronger then PVME-Na+ interactions.  Previously, Shi et. al 
demonstrated that interactions between the alkyl chains of the ammonium salt and the polymer 
matrix were weak and had a small impact on the reinforcement properties (tensile strength) of 
the nanocomposite relative to the host matrix. They concluded that polymer chains binding 
(adsorbed) directly to the clay surface were responsible for the majority of the enhancements 113. 
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Therefore, it appears that the adsorption of PVME onto the clay surface is at least partially 
governed by the type of organic modifier present and that the modifier may significantly improve 
the adsorption.  
aTω (rad/s)(Tref =30oC)
10-4 10-3 10-2 10-1 100 101 102
G
',
G
"
 
(d
yn
e/
cm
2 )
101
102
103
104
105
106
107 G' 15wt% I.30P (15-I30P)
G" 15wt% I.30P (15-I30P)
G' PVME
G" PVME
T (oC)20 30 40 50 60 70 80 90
a
T
10-3
10-2
10-1
100
101
(15-I30P)
PVME
ω
x
=0.08
ω
x
=0.8
 
Figure 77. Storage and loss moduli for PVME and 15-I30P nanocomposite (frequency shift factors shown as an 
inlay).  
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Figure 78. Complex viscosity vs. reduced frequency for sample 15-I.30P displays a diverging viscosity at low 
frequencies. 
 
4.5 Conclusions 
In this chapter the impact of nano - clay dispersion and polymer - clay interactions on the 
viscoelastic response of PVME/clay and PEO/clay nanocomposites with varying degrees of 
dispersion and polymer-clay interactions was investigated. The use of water-soluble PVME and 
water-soluble natural clay provided a benchmark for a highly dispersed sample. The use of 
scCO2 processing produced intercalated nanocomposites with somewhat similar final WAXD 
patterns, yet the rheological properties were significantly different. Even though the extent and 
the nature of dispersion and interactions in theses complex systems are tough to quantify, 
rheology offers valuable insights into the mesoscale structure and interactions. The viscoelastic 
response of polymer-clay nanocomposites is sensitive to the extent of dispersion and the degree 
of interaction. Comparison of scCO2-processed (intercalated) and water-processed (highly 
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dispersed) Cloisite Na+ /PVME nanocomposites with “weak polymer-filler interactions” 
(suggested that  high level clay dispersion resulted in non-terminal behavior (G' α ω0.8 and G" α 
ω0.7)  and a  factor of 8 decrease in the cross-over frequency, and an order of magnitude increase 
in the low-frequency storage moduli; while intercalation resulted in a filler effect with the 
relaxation behavior of the bulk polymer virtually unaltered by the presence of the nano-clay. In 
contrast, for intercalated systems with "stronger" polymer-clay interactions (PVME/I.30P), there 
was a low-frequency plateau, an order of magnitude decrease in the crossover frequency, and 
more than two orders of magnitude increase in low-frequency storage moduli. Furthermore, 
PVME/I.30P sample displayed enhanced rheological properties compared to PVME/30B sample 
despite having similar dispersion, same inorganic volume fraction and same maximum surface 
area indicated the presence of stronger polymer-clay interactions. These results suggesed that 
rheology can offer valuable insights into these complex systems. When ‘strong’ polymer-clay 
interactions were present, even an intercalated structure can produce significant property 
improvements (even more than highly dispersed systems). Hence, the combination of WAXD 
and rheology can provide insights into the extent of dispersion and compatibility of the nano-clay 
with the chosen polymer matrix. 
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CHAPTER 5 
Future Work 
5.1 Surface modification of “as received” Cloisite Na+ 
The commonly used organo-modification agents are long carbon-chain alkyl ammonium 
salts. Although these modification agents have been gaining significant success in the 
preparation of polymer/MMT nanocomposites, their common shortcoming is the poor thermal 
stability. Xie et al. have studied the thermal stability of MMT modified by long carbon-chain 
alkyl quaternary ammonium ions and found that the on-set decomposition temperature was 
approximately 180°C. 81 Vaia and co-workers have shown that at temperatures exceeding 200ºC 
after 2 hours degradation of organic modifier bonded to the clay surface occurs which causes 
gallery collapse comparable to that of montmorillonite 71.  Unfortunately, the preparation and 
processing of most of the polymer/clay nanocomposites require a temperature much higher than 
this value, and the thermal decomposition of the long carbon-chain alkyl quaternary ammonium 
salts is inevitable. Tanoue et al. saw that the decomposition of the organic modifier led to a 
collapse of the clay inter-gallery layer which resulted in poor rheological enhancements for the 
PS/Cloisite 10A nanocomposites prepared at 200°C. 41 Delozier et al. also observed that during 
the preparation of polyimide/clay nanocomposites, the decomposition of the organic modifier led 
to the collapse of the clay particles into larger agglomerates. 114 The degradation of organic 
modifier may pose significant effect on the morphological structure, the preparation, 
performance, application and service life of nanocomposites.  
Introducing a solvent can lower the processing conditions but the solvent needs to be 
removed following processing which posses as a hazard to the environment. Furthermore, some 
polymers require very potent solvents which are also a health hazard on top of being 
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environmentally benign.  To mediate this problem researchers have started to modifier they own 
clays by using organic modifiers that are more stable at higher temperatures. Also, the modifiers 
can be tailored toward a certain polymer and polymer - clay interactions can be improved. 12, 33, 
34, 63
 Montmorillonite will be modified with a surface modifier that has the potential of 
interacting with polystyrene. Following the modification of MMT, the resulting clay will be 
processed in scCO2 and WAXD and SEM will be used to investigate the dispersion level. Also, 
polystyrene/clay nanocomposites will be made in the presence of scCO2 as well as melt 
intercalation benchmark samples. The ultimate goal of this research is to understand how clay 
modification impacts the properties of the resulting nanocomposites and to develop clays that 
can be exfoliated/dispersed in an industrially important polymer matrix and have the potential of 
being processed at high temperatures without degrading the clay surface modifier.  
5.1.1 Preliminary results 
As a preliminary results “as received” montmorillonite was modified with two surface 
modifier in an attempt to make a more stable clay that is favorable to interact with polystyrene.  
Before the ion-exchange reaction, one of the organic modifiers needed to be synthesized. The 
first organic modifier was 1-hexadecyl amine and was purchased from Sigma Aldrich (modifier 
A) and the second one N-[4-(40-aminophenoxy)] phenyl phthalimide (modifier B) (Figure 79) 
was synthesized following the synthesis similar to that previously reported by Liang et al. 115 
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Figure 79: 1-hexadecyl amine (left) and N-[4-(40-aminophenoxy)] phenyl phthalimide (right). 
 
The two organically modified MMTs, MMT-A and MMT-B, were prepared via ion 
exchange reaction in water using modifiers A and B following the reaction similar to that 
previously reported by Liang et al. 115 The compatibility between N-[4-(40-aminophenoxy)] 
phenyl phthalimide MMT (MMT-B) and PS may be very high die to the presence three phenol in 
the organic modifier (B). Cloisite 10A which contained only one phenol ring as part of its 
organic modifier resulted in enhanced dispersion, rheology and permeability compared to neat 
PS and other nano - clays.  If this is the case the positive interaction between PS and MMT-B 
may lead to even higher improvements in dispersion and properties compared to 10A.  
Fourier transform infrared spectroscopy (FTIR) and WAXD were used to verify the 
organic modifiers and the corresponding modified-MMT clays that were prepared. Na-MMT 
showed the characteristic absorption band at 1100 cm-1 (Figure 80 - a). MMT-A showed the 
characteristic bands of C – H stretching between 3000 and 2800 cm-1 (Figure 80 – b) while 
MMT-B displayed the characteristic absorption bands of aromatic imide between 1800 - 1700 
and 1385 cm-1 and of C–O–C unsymmetrical stretching at 1246 cm-1 (Figure 80 - b). The FTIR 
MMT – A (Figure 80 - c) and MMT – B (Figure 80 – e) shows that the clays contained modifiers 
A and B respectively. However, using FTIR you cannot tell whether or not the organic moodier 
entered the inner-gallery spacing.  
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Figure 80. FTIR of Na+ (A), the organic modifiers 1-hexadecyl amine (B) and N-[4-(40-aminophenoxy)] phenyl 
phthalimide (D) and of the organically modified Na+, MMT-1-hexadecyl amine (MMT-A) (C) and (and N-[4-(40-
aminophenoxy)] phenyl phthalimide (MMT-B) (E).  
 
Therefore, WAXD was used to determine if the modifier actually entered the clay layers.  
Pure MMT-Na+ showed a d001 = 1.2 nm corresponding to an inner-gallery spacing of 0.2 nm 
(Figure 81). MMT-A displayed a d001= 1.92 nm which corresponds to a spacing of 0.92 nm 
similar to Cloisite 10A. In contrast MMT-B showed two peaks one equal to 1.58 nm and the 
other 2.45 nm, corresponding to an inner-gallery spacing 0.58 nm and 1.45 nm respectively. In 
MMT-B one smaller diffraction peak is shifted even more to the left (smaller 2 theta) indicating 
a higher inner-gallery spacing. However, the bigger diffraction peak in MMT-B is at a higher 2 
theta indicating a smaller inner-gallery spacing compared to MMT-A (Figure 81). The presence 
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of two peaks in MMT-B may be due to the reaction where a byproduct could have been formed 
and essentially there are two different modifiers that have different thermodynamically stable 
equilibrium spacing. The reaction needs to be optimized where the product is only modifier-B 
where no other by-products are present. Despite the two different clay spacing populations, 
MMT-B clay was very thermally stable. When kept at 200°C for 24 hours, it only lost about 2% 
of its modifiers after 24 hours. In contrast, MMT-A lost 9% of its modifier after 10 hours and 11 
after 24 hours. Also, Cloisite 93A and 30B which are two of the most stable commercially 
available clays form Southern Clay lost 4.5% and 8% respectively after 10 hours and 6% and 9% 
respectively after 24 hours. MMT-B is stable at 200°C for a long period of time only losing 2% 
of its modifier after 24 hours (Figure 82). It could offer a possible offer a solution for melt 
compounding with the polymer of choice at 200°C without worrying about clay degradation (like 
it was previously shown where 10A showed platelet collapse even when it was compounded at 
180°C for 15 minutes in the presence of PS – Chapter 3).  
However, in the reaction where N-[4-(40-aminophenoxy)] phenyl phthalimide (modifier-
B) was made needs to be optimized to produced only the desired product in order maximize the 
inner-gallery spacing. Once the reaction scheme is optimized, the modified nano – clay (MMT-
B) can processed using the scCO2 technique with and without a polymer present, to test whether 
or not it can be dispersed. Moreover, this scCO2 processed modified nano - clay should be 
compounded with PS and other industrially important polymers like high density polyethylene 
and polypropylene which typically need higher processing temperatures. Due to its high thermal 
stability it should allow for processing of these nanocomposites using melt extrusion and the 
resulting nanocomposites it’s anticipated to have improved dispersion and properties.    
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Figure 81. WAXD of MMT – Na+, MMT- A and MMT- B. 
 
Figure 82. TGA at 200°C for 24 hours for MMT-A, MMT-B, Cloisite 93A and 30B. 
 
5.2 Styrene-butadiene-styrene (SBS)/clay nanocomposites 
The styrene–butadiene–styrene triblock copolymer (SBS) is of the most commercially 
used thermoplastic elastomers (TPE) which exhibits the characteristics of plastic (polystyrene) 
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and rubber (butadiene) with rubber like properties while still retaining significant stiffness 
without the need of chemical crosslinking.116 Researchers have been preparing SBS/clay 
nanocomposites using solution blended 117-119, melt compounding 116, 120 and in-situ 
polymerization 121 methods using various clays with various success in dispersing the clay and 
obtaining enhancements in rheological, mechanical, transport and thermal properties. Due to the 
immiscibility of PS and PB in SBS the two organize in different microdomains. SBS also 
exhibits and Order-Disorder Transition (ODT) temperature below witch due to the microdomains 
organization researchers has found that it is a challenge to obtained rheological improvements in 
SBS/clay nanocomposites. 122, 123 Using rheological measurements whether or not SBS is above 
or below the ODT at the temperature tested can be determined. If SBS is below the ODT at the 
temperature tested there should be a slope lower than 2 in the storage modulus terminal regime. 
122
 Moreover, before TEM the SBS/clay nanocomposites films can be stained with osmium 
tetraoxide (OsO4) which stains the PB chains and the TEM images can reveal the microphase 
type. 
However, the applicability of the scCO2 process on the SBS/clay nanocomposites has not 
yet been studied. To study the scCO2 processing effects several nanocomposites should be 
prepared using several nano - clays including Cloisite 10A, 15A and 20A at different weight 
fractions. Cloisite 10A and 15A has already been shown to produce highly dispersed PS/clay 
nanocomposites with enhanced rheological and thermal properties and reduced permeability 
(Chapter 3). 69, 77, 94 Cloisite 10A, 20A and 15A have been used by other researchers to produce 
SBS/clay nanocomposites with various results.116, 118-121. In SBS, clays tend to interact with PS 
more than polybutadiene (PB) which is already the stiffer of the two, therefore the resulting 
nanocomposites exhibit only small improvements in properties. In an attempt to address this 
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issue, SBS nanocomposites using two clays should be used, one that likes polystyrene more and 
another that likes PB more in an attempt to test the likelihood that some of the clay will go into 
PB and the resulting properties may be enhanced.  Benchmark nanocomposites should also be 
prepared using the solution blended technique in toluene and using the melt compounding 
method to compare the results with those obtained using the scCO2 processing technique. 
WAXD, rheology, TEM, permeability measurements, mechanical properties and thermal 
properties should be measured on the resulting nanocomposites to determine the ability of scCO2 
to produce dispersed SBS/clay nanocomposites with enhanced properties.  
5.2.1 Preliminary results 
 As preliminary results, four SBS/5wt% clay nanocomposites were prepared with Cloisite 
10A and 20A (which is the same as 15A but has a CEC of 95 meq) using solution blended and 
scCO2 processing techniques. The SBS used in this study has a molecular weight of 
100,000g/mol and contains 30% PS content. The solution blended samples were prepared in 
toluene at 80°C for 24 hours. The scCO2 processed samples were made using the same protocol 
as the solution blended; the only difference was the presence of scCO2 at 13.79 MPa. WAXD 
was collected using the same procedure as in Chapter 3. X-ray diffraction revealed that the 
polymer were successfully intercalated in-between the nano - clay particles as evident by the 
shift of the d001 peak to lower 2 theta values for the nanocomposites compared to “as received” 
clay. Cloisite 20A nanocomposites prepared using solution blended and the scCO2 processed 
method both displayed the same final d001 spacing of 3.84 nm corresponding to an inner-galley 
spacing increase of 1.42 nm (Figure 83). The two nanocomposites having the same final is due 
processing in a solvent and the modifier having a thermodynamically stable state. This 
phenomenon was also observed in PS/clay nanocomposites in Chapter 3 that were also processed 
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in a solvent. Furthermore, the presence of d002, d003 and even d004 diffraction peaks indicate the 
presence of highly ordered nanocomposites.  
However, in the nanocomposites prepared using Cloisite 10A there was a small 
difference in the final d001 spacing between the solution blended (d001 = 4.2 nm) and scCO2 
processed nanocomposites (d001 = 4.4 nm). However, TEM does not show any difference 
between the scCO2 process and solution blended nanocomposites. This is somewhat surprising 
since scCO2 nanocomposite is supposed to have improved dispersion. However, prior to 
collecting TEM images thin film needed to be cut using an cryo-ultramicrotome at -80°C and 
obtaining thin films was a great challenge. Therefore, since the films were not thin enough, TEM 
images did not have good enough quality to observe if the tactoid size has been reduced or 
whether or not there are some individual platelets present in the scCO2 process nanocomposite. 
Therefore, TEM images are only used to give a broad view of the dispersion state (Figure 85). 
The 0.2 nm increase in the scCO2 nanocomposites compared to the solution blended might be 
due to the presence of CO2 during processing which may further expand the inner - gallery 
spacing allowing for more polymer chains to penetrate the clay spacing and get closer to the 
clay. If this is true the scCO2 sample should display improved rheological properties compared to 
solution blended due to improved polymer - clay interactions similar to what was observed in the 
PS/clay nanocomposites (Chapter 3).   
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Figure 83. WAXD of 10A and SBS/10A nanocomposites prepared using solution blended and scCO2 processing 
methods. 
The SBS/20A nanocomposites displayed similar rheological properties between the 
solution blended and scCO2 processed nanocomposites (Figure 84) (rheology was collected 
using the same procedure as in Chapter 3 at 80 and 100°C and a reference temperature of 100°C 
was used to construct the TTS curve). However, the scCO2 processed SBS/10A nanocomposite 
shows an additional 100% improvement in low frequency storage modulus over the solution 
blended benchmark suggesting that there must be improved dispersion in the scCO2 
nanocomposite to account for the improvement in storage modus (Figure 84).  The reason that 
10A/SBS scCO2 nanocomposite showed an improvement over the solution blended benchmark 
sample and the 20A/SBS did not may be due to the higher polymer - clay interactions present 
between the 10A-SBS then between 20A-SBS as shown by the higher final d001 spacing in the 
10A nanocomposites. This was also observed in PS nanocomposites where the higher clay - 
polymer interactions resulted in higher d001 spacing and higher rheological and barrier properties. 
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Rheology of the pure SBS confirmed that the sample is below the ODT since the slope in the 
storage modulus low frequency regime is about 0.3. 122 
The tensile properties were collected on SBS films at a rate of 500% per minute until 
break. Young’s Modulus was calculated from the slope of the linear portion of the stress strain 
curve at low strains using an Instron 3366 in extension mode. Prior to performing mechanical 
measurements SBS 1” by 6” films were made by pressing them between Teflon sheets at 125°C 
in a Carver hydraulic press.  Both scCO2 and solution blended 5wt% 10A nanocomposites 
showed an increase in Young’s modulus of 270% and 310% and a modest increase in strain at 
break of 2% and 8% compared to SBS respectively (Figure 86). However, both nanocomposites 
showed a similar decrease in tensile strength. Moreover, despite showing a 100% increase in low 
frequency storage modulus and higher final d001 spacing, the scCO2 processed 5wt% 10A/SBS 
sample only showed a small increase in tensile modulus over the solution blended benchmark. 
This small increase was unexpected as scCO2 process nanocomposites was expected to have 
improved dispersion over the solution blended benchmark which results in increased surface area 
available for polymer - clay interactions. This increase should have lead to improved mechanical 
properties.  The reason for this small increase is not well understood and TEM could not provide 
a good dispersion picture to be able to conclude on the difference in clay dispersion between the 
two samples. Also, the two nanocomposites showed a decrease in tensile strength of about 45% 
compared to SBS. This result was also unexpected as researches usually report no change or 
slight increase (about 10%) in tensile strength following clay addition. 124, 125 A more detailed 
study is proposed to gain a better understanding on the effects of scCO2 procession of SBS/clay 
on mechanical properties. 
 Figure 84. Storage modulus of SBS and 5 wt% 10A and 20A/SBS nanocompo
and scCO2 processing methods. At the right are TEM images of
(scCO2 – top and solution blended – bottom)
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Figure 85. TEM images of SBS/5wt%10A scCO2 processed nanocomposite (30k magnification (A), 100k 
magnification (B)) and images of SBS/5wt%10A solution blended sample (30k magnification (C), 100k 
magnification (D)). 
To gain a better understanding on effects that scCO2 processing of SBS/clay 
nanocomposite has on dispersion, rheological, mechanical and transport properties a more 
detailed study needs to be performed as described in the proposed research for SBS. Moreover, a 
better TEM analysis needs to be performed where the SBS should be stained with OsO4 where 
the placement/orientation of PB chains can be better observed. This along with better image 
quality may allow for a better picture on the nano - clay dispersion. Moreover, if several clay 
weight fractions are used a better understanding on the affect of nano - clay dispersion on the 
tensile properties can be obtained. Also, barrier properties should also be collected as they are 
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more sensitive to nano - clay dispersion and the effect of scCO2 on nano - clay dispersion in SBS 
can be better evaluated. Furthermore, the use of more than one clay a time, as proposed in the 
beginning of this section may also allow for the understanding of the effect of dispersion on 
mechanical properties as one clay may prefer PS or PB more and create a more effective 
dispersion. Performing this study may allow for optimizing the property improvements by using 
the optimum clay combination which may also allow for maximizing clay dispersion in both 
polymers leading to improved surface area for polymer - clay interactions.  
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Figure 86. Tensile modulus, tensile strengths and stain at break for the SBS and SBS/10A scCO2 and solution 
blended nanocomposites.  
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5.3 High density polyethylene (HDPE)/clay nanocomposites 
The polyethylene is of the most widely used polymer in the world and it is primarily used 
in the packaging industry. 126 Researchers have been preparing HDPE/clay nanocomposites main 
using melt compounding processing technique using various clays. 127-129  However, the 
applicability of the scCO2 process on the HDPE/clay nanocomposites has not yet been studied. 
To study the scCO2 processing effects several nanocomposites should be prepared using several 
nano - clays including Cloisite 10A, 15A and 20A at different weight fractions. Cloisite 10A, 
20A and 15A have been used by other researchers to produce HDPE/clay nanocomposites with 
various results. 128, 129 Prior to processing the polymer can clay together, the nano - clay should 
be pre-dispersed using the scCO2 method. Pre-dispersing the clay opens up the clay galleries and 
it may minimize the time that clay and polymer needs to spend in the extruded in order to 
prevent any clay modifier degradation.  The scCO2 pre-processed clay can be co-extruded with 
HDPE with and without the presence of HDPE-MA (maleic anhydride). Benchmark 
nanocomposites should also be prepared using “as received” clay. WAXD, rheology, TEM, 
permeability measurements, mechanical properties and thermal properties should be measured 
on the resulting nanocomposites.  
5.3.1 Preliminary results 
 As preliminary results two HDPE/5wt% Cloisite 15A clay nanocomposites (one with “as 
received” 15A and another with scCO2 pre-processed 15A) were prepared using a lab-scale 
Haake 3/4-inch at 180ºC for 10 minutes. The HDPE used in this study has a melt flow index of 
2.2. The scCO2 processed nano - clay was prepared using the same protocol as discussed in 
Chapter 2. WAXD was collected using the same procedure as in Chapter 3. X-ray diffraction 
revealed that the polymer were successfully intercalated in-between the nano - clay particles as 
evident by the shift of the d001 peak to lower 2 theta values for the nanocomposites compared to 
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neat HDPE. Nanocomposites prepared using “as received” and scCO2 pre-processed clay both 
displayed the same final d001 spacing of 3.80 nm corresponding to an inner-galley spacing 
increase of 3.13 nm (Figure 87). The similar d001 spacing in the two nanocomposites is due to the 
organic modifier having a thermodynamically stable state that is close to the final d001 spacing 
obtained in the nanocomposites. This phenomenon was also observed in SBS/clay and PS/clay 
nanocomposites in Section 5.2 and Chapter 3 respectively.  
2Θ (deg.)
1 2 3 4 5 6 7 8 9 10
In
te
n
sit
y 
(co
u
n
ts
)
0
25000
50000
75000
100000
125000
150000
175000
HDPE/5 wt% 15A scCO2 pre - processed
HDPE/5 wt% 15A as received
15A as received
 
Figure 87. WAXD of “as received”15A and HDPE/5 wt%15A nanocomposites. 
 
Rheology was collected using the same procedure as in Chapter 3 at 150°C. The 
nanocomposite prepared using “as received” 15A showed no improvement in rheological 
properties over pure HDPE. However, the nanocomposite prepared using scCO2 pre-processed 
15A shows an order of magnitude improvement in low frequency storage modulus over the 
HDPE suggesting the presence of higher dispersion in the scCO2 pre-dispersed clay 
nanocomposite compared to the one made using “as received” clay (Figure 88). The 
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improvement in the storage modulus obtained from the nanocomposite prepared with pre-
dispersed clay is more than what Joshi et. al obtained when using 10% specifically modified 
clay. 130 However, Swain et. al obtained more than 2 orders of magnitude improvement in 
storage modulus when ultrasonication was used at 10 wt% clay.  131 The permeability testing was 
done in the same manner as in Chapter 3. The nanocomposite prepared using pre-dispersed 15A 
reduced the oxygen permeability by 44% while the sample made with “as received” clay reduced 
it by 34% (Table 19). In contrast, Swain et. al obtained even a smaller reduction on O2 
permeability even at 10 wt% clay loading. 131  
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Figure 88. Storage modulus of HDPE and HDPE/5 wt%15A nanocomposites. 
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Table 19. Oxygen permeability of HDPE and HDPE/5 wt%15A nanocomposites. 
 
 
 
 
 
 
 
 
Although the improvements in rheological properties and reduction in permeability are 
close to what other researchers have obtained, optimization of the processing conditions is 
necessary in order to attempt to further improve the properties of HDPE.  Many researchers have 
shown that the polar clay and non - polar HDPE do not mix well unless compatibilizers like 
maleic anhydride, is introduced to promote better compatibility between them. Moreover, it has 
been shown that with careful optimization of the extrusion condition (screw speed, temperature 
and extrusion time) as well as with an optimum weight fraction of compatibilizer is used 
property improvement can also be maximized 129, 131, 132. A more careful study should be 
performed where the extruder parameters can be tuned to obtained better dispersion and mixing. 
Moreover, several HDPE maleic anhydride weight fractions and different clays (Cloisite 10A, 
15A and 93A) should be used to study their effect on the nanocomposites end properties. 
Permeability, tensile and rheological measurements along with WAXD and TEM should be 
performed to gain a better understanding on the ability of scCO2 pre-dispersed clay to enhance 
HDPE mechanical, transport and rheological properties.  
 
 
 
  O2 Permeability   Reduction  
  cc * mm/m2- day % 
HDPE  
64.00   
HDPE/5wt%15A  as received 
42.52 - 34.2 
HDPE/5wt% 15A scCO2 pre - processed 
36.14 - 44.4 
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Appendix A 
 
 
Figure 89. Tactoid thickness calculation diagram. 
From the drawing it can be seen that the thickness of a tactoid can be represented by the 
equation above where (n-1) is the number of clay platelets in the tactoid minus 1 and is equal to 
the number of inter-gallery spacing that needs to be accounted for. Multiplying (n-1) with the 
d001 spacing gives the height of the stack shy the thickness of one plate. The 10 on the right hand 
side of the equation, at the end, represents that plate thickness and has units of angstroms. The 
Scherrer equation can be used to determine the thickness “t” from the FWHM value of the d001 
diffraction peak. From there, the equation above is solved for n. 
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Effective dispersion of the fillers in a polymer matrix and improvement of polymer - clay 
interactions are two key challenges in the field of nanocomposites. A novel processing method 
that utilizes the unique properties of supercritical carbon dioxide (scCO2) to disperse nano - clay 
and prepare a series of polymer/clay nanocomposites with enhanced properties was explored. 
Significant dispersion was achieved using the scCO2 process with Cloisite 10A without 
the presence of an organic phase as evident by the absence of the diffraction peak in WAXD and 
the presence of individual tactoids that lost their parallel registry. The expanded flexible structure 
of the scCO2 processed clay exposes more of the available surface area allowing for more 
contact between the polymer and clay surface, and the platelets should be easier to disperse into 
a polymer matrix than the “as received” clay. 
Enhanced nano - clay dispersion and improved properties were achieved in the scCO2 
processed polystyrene/clay nanocomposites compared to melt compounding and solution 
blended benchmarks.  There was a three-fold reduction in the number of tactoids in the scCO2 
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samples compared to solution blended benchmark that was independent of the clay modifier used 
leading to an increase in the surface area available for polymer-clay interactions.  Significant 
dispersion, without strong polymer-clay interactions, was not sufficient for significant 
nanocomposites property improvement. Also, favorable polymer-clay interaction without clay 
dispersion was also not enough to obtain the maximum property enhancement. Improvements as 
high as 3 orders of magnitude in the low frequency storage modulus were observed in 
nanocomposites processed with 5wt% 10A and 15A scCO2 that had favorable polymer-clay 
interactions. Supercritical carbon dioxide processed nanocomposite showed a reduction of 45% 
(5wt% 10A) and 60% (5wt% 15A) in oxygen permeability compared to PS. Moreover, the 
scCO2 processed nanocomposites reduced the oxygen permeability by 20 to 50% compared to 
solution blended benchmark samples depending on the clay used.  Replacing “as received” clay 
with pre-dispersed clay increased the surface area available for polymer-clay interactions, 
resulting in a significant doubling of G’ at low frequencies over the standard scCO2 processed 
sample. The scCO2 samples showed solid-like behavior at loadings as low at 2 wt%, and elastic 
modulus improvements as high as 3.5 orders of magnitude in the 10 wt% nanocomposites over 
the pure polymer.  
Comparison of scCO2-processed and water-processed Cloisite Na+ /PVME 
nanocomposites with “weak polymer-filler interactions” suggested that high level clay dispersion 
resulted in non-terminal while intercalation resulted in a filler effect with the relaxation behavior 
of the bulk polymer virtually unaltered by the presence of the nano-clay. In contrast, for 
intercalated systems with "stronger" polymer-clay interactions (PVME/I.30P), there was more 
than two orders of magnitude increase in low-frequency storage moduli. Similarly to what was 
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observed in PS, in PVME systems, when ‘strong’ polymer - clay interactions were present 
coupled with significant nano - clay dispersion produced significant property improvements.  
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